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The Symposium oil Measurement of Thermal Radiation

Properties of Solids was sponsored jointly by the Aeronautical
Systems Division, U.S. Air Force; tile National Bureau of

Standards; and the National Aeronautics and Space Adminis-
tration.

James J. Gangler, NASA Headquarters, was general chair-

man. Robert A. Winn, Physics Laboratory, Acrotiautical Sys-

tems Division, was program chairman, assisted by Herman

Schwartz, of the NASA Lewis Research Center, and Joseph C.

Richmond, National Bureau of Standards.

Housekeeping details were handled by the University of
Dayton on a contract basis, with C. Robert Andrews, of the

University of Dayton Research Center, as chairman of Arrange-
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PREFACE

This volume contains the proceedings of the
Symposium on Measurement of Thermal Ra-

diation Properties of Solids held in Dayton,

Ohio, September 5, 6 and 7, 1962. The very

great increase in interest, in and need for data

on tile thermal radiation properties of solids as

a consequence of the national space program

prompted the Aeronautical Systems Division of
the U.S. Air Force, the National Bureau of

Standards, and the National Aeronautics and

Space Administration to join in sponsoring the

Sym posture.

The overall objectives of the Symposium were

to afford (1) an opportunity for workers in the

field to describe the equipment and procedures

currently in use for measuring thermal radia-

tion properties of solids, (2) an opportunity for

constructive criticism of the material presented,

and (3) an open forum for discussion of mutual
problems.

It was also the hope of the sponsors that the

published proceedings of tim Symposium would
serve as a valuable reference on measurement

techniques fo/" evaluating thermal radiation

properties of solids, partic.ularly for those with
limited experience in the field.

Because of the strong dependence of emitted

flux upon tenlperature, tile Program Committee

thought it: advisable to devote the first session

to a discussion of tile problems of temperature

measurement. All of the papers in Session I

were presented at the request of and upon
topics suggested by the Committee. Because

of time and space limitations, it, was impossible

to (;onsider all temperature measure/nent prob-

le/ns that /night arise--the objective was
rather to call to the attention of tile reader some

of the problems that: might be encountered, and

to provide references flint /night provide
solutions.

The four remaining sessions were devoted to

discussions of measurement techniques in each

of four temperature ranges: Session II on meas-

urements at low temperatures (0 ° to 200 ° K);

Session llI on measurements at satellite tem-

peratures (200 ° to 450 ° K); Session IVon meas-

urements at. moderately high temperatures
(450 ° to 1400 ° K); and Session V on measure-

ments at high temperatures (above 1400 ° K).

The dividing lines between sessions were arbi-

trarily selected on the basis that, to some extent

at. least, different measurement techniques are

employed in the different temperature ranges.

A recognized authority in the field was in-

vited to present tile first paper in each session.
It. was intended to cover the need for and

applications of thermal radiation data within

that temperature range. These invited papers

were presented in full, and were not preprint.ed
or discussed. All of the remaining papers in

each session were submitted in response to the

general request, for papers. The response was

so enthusiastic that it soon hecanle apparent

that only a fraction of the subnfitted papers

could be presented within the available time.

Selection of the papers for presentation at: each

session was made by the Session Chairman and

Program Comnfittee on the basis of (1) pre-

senting as many different experimental tech-

niques as possible and (2) having different
laboratories present papers, where possible,

rather than having several papers from the same

laboratory. Those papers not selected for full

presentation were presented by title only.

All submitted papers to be presented were

preprinted, and the preprints were sent to all

advance registrants. Each author was re-

quested to present, only a 10-minute summary

of his paper, and at least 15 minutes was re-

served for oral discussion of each paper. Ad-

vance registrants were also invited to submit
prepared discussions. The oral discussion was

recorded, edited, and included in these pro-

ceedings following the paper being discussed

Unfortunately, part. of the oral (liscussion of

Session III was lost, due to malfunctioning of

the recording equipment.
In these proceedings the submitted papers
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for each session are published in alphabetical

order by senior author, and no distinction is

made between those that. were presented and

those that were presented by title only.

Each paper was reviewed technically by the
Session Chairman and then by the Editor.

Any technical discrepancies noted were called
to the attention of the author for correction.

An attempt was mad(; to see that uniform no-
menclature was used throughout, and that con-

fusing or misleading statements were clarified.

Otherwise, no attempt was made to interfere

with an author's individual style. Primary

responsibility for the technical aeeuraey of
statements made must reside with the author

of each paper.

It is b_'lS,v,.'d that these proceedings will
serve as a vahlabt_ reference in the field of meas-

urem_'nt of th_,rtnal radiation properties of
solids.

JOSEPH C. RICHMOND

Editor.
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IN

imP ITF ALLS

THERMAL EMISSION STUDIES

BY WILLIAM N. HARRISON

NATIONAL BUREAU OF STANDARDS, WASHfNGTON, D.C.

Attention is called to several pitfalls that often beset investigators who make thermal
emittancc studies. The pitfalls mentioned include the following: (1) conflicting meanings
of several frequently used terms as found in the literature, each meaning having authoritative
sponsorship; (2) incomplete and hence potentially misleading dcscriplions of specimens on
which reported data are based; (3) reference to emissivity or remittance as a property of a
surface rather than a volume property (influcnccd by the surface) ; (4) occasional omission of
diffuse reflection from analyses of the optical properties of inhomogeneous bodies; (5) failure
to observe the restrictions upon conditions that are required for validity of basic equations;
(6) uncertainties as to the effective temperature, peculiar to specimens having low absorption
indices; and (7) lack of suitable physical standards. Several suggestions arc made for avoid-
ing or minimizing the consequences of the pitfalls discussed.

The recent surge of demand for information

on the thermal emission and absorption charac-

teristics of materials, and the sparse supply of

pertinent knowledge, have already confronted

people in numerous laboratories with the prob-

lem of initiating experimental work in an un-

familiar field. In a transition of this type
there are always potential pitfalls, and this

field of study has its full share. There are

several sources of possible error or confusion

that repeatedly come to the fore in studies of

thermal emission and absorption, and it is not

obvious to what extent they may vitiate the

reliability of experimental findings or otherwise

retard the quest for dependable information.

THE LANGUAGE HANDICAP

One of the first obstacles encountered is

created by the occurrence of nonsystematic and

sometin_es conflicting terminology in the litera-

ture. Even such a frequently used word as

"enfittancC' is subject to conflicting definitions,

for each of which impressive authority can bc

cited. Experience witl_ this obstacle to com-

munication forces attention on the urgency of

the need for terminology that is consistent, not

only with respect, to definitions of specific terms,

but also in the use of word forms which by their

structure convey maximum information, espe-

cially through systematic use of suffixes. A

prime example of the systematic naming of

properties involves reserving the ending "ivity"

for properties that characterize a material (such

as emissivity, reflectivity, resistivity, and ex-

pansivit.y) and avoiding this suffix when refer-

ring to a property of a specimen, which would

change with its size or shape. The extra, self-

contained communicative potency of this sys-

tem of nomenclature is illustrated in the familiar

distinction between electrical resistance, which

for any uniform wire is directly proportional to

its length, and the resisti_,ity of the material used
to fabricate the wire, which is a characteristic

property. Adherence to this system requires
that "emissivity" and "reflectivity" likewise be

reserved to designate characteristic constants

of a material, rather than being used to denote
measured values that would change with the

dimensions or surface finish of the specimen.

3



4 Measurement of Thermal Radiation Properties of Solids

"Emissivity" under this system is a special case

of "emittance", just as "reflectivity" is a special
case of "reflectance" aml "resistivity" of "re-
sistance."

Some persons may make a point of the fact
that tile units in which electrical resistance is

expressed are not identical with those in which

resistivity is expressed, whereas the units rot"

emittance and emissivity are the same, both

being dimensionless ratios. This fact illustrates

the difficulty of evolving a perfect system of

nomenclature, but any apparem deviation from

system in this case seems rather superficial,

since for both pairs of terms the "ivity" ending
is reserved t.o name a characteristic ot the ma-

terial, and the "ante" ending is used for a prop-

erty of a specimen that may depend upon its

size, shape, and surface condition. The same

nonidentity of units applies to expansion and
expansirity, and the same overriding basis of

validity of the two terms applies also.

The countersystematic and often conflicting

word usages that have developed over the

decades originated mostly within separate

groups of investigators, engaged in different,

though related, areas of study. The develop-

ment of a homogeneous system of nomenclature

will require cooperative effort among a number

of technical and scientific organizations that

have sponsored mutually incompatible defini-

tions. When such a project is undertaken it

is to be hoped that the governing principle of

agreement will be to achieve the greatest

possible systemization, with the attendant extra

communic, ative potency of the adopted terms.

This objective would be advanced by recogni-

tion of the distinction between two categories
of attributes of materials, known respectively

as intensive and extensire. Given a specimen

of homogeneous material, no one questions that

a different quantity of the same material under

the same conditions wouhl have a correspond-

ingly different volume, inertia, or heat capacity

(extensive attrihutes) nor that such character-

isties as specific gravity, temperature, and

emissivity (intensive attributes), on the other

hand, are independent of the quantity of

material. Additional exa,tples are listed in
table l-I. A nomenclature that is compatible
with this distinction can be conducive to dear

thinking and lucid communication. It is

noteworthy thal Ihe American Standards Asso-

cialion rec_)mm(,nds the use of a specific type

face (italic ('ai>il_ds) for let ter symbols pert aining
to thermodynamic properties (ref. 1).

3"a_,xa.: 1 1, T?tpes of Attributes (Example,+)

Extet>qve: Intensive:

" Voiilme Temperature

Mass Density
1,ength Resistivity
1nerl ia Refleetivity
ffeat Cal)acity Emissivity

Unless and untll agreement on a consistent

terminology is reached, we can reduce the

jeopardy ()t' verbal pitfalls if we stay alert to

the discrepancies in some of the current: nomen-

clature. I,ikewise we can improve the proba-

bility that our own communications will be

hwid by cho_>An_ and using the most systematic

nonmnetatm'_, available. Specific recommenda-

tions concerning definitions will be found in
subsequen_ f._pcrs in this book. It is sufficient

here to p.int oul lhe need for unification and

systemization .f nomenclature in this area of

research, and (:all attention to certain principles

of systemizulion, the universal adoption of

which would sharply reduce existing discrel)-
antics,

INCOMPLETE SPECIMEN DESCRIPTIONS

Another obstacle to interpretation of some

published results arises from the incompleteness

of descripti(ms of specimens on which data are

reported, l:or example, the material consti-

tuting a specimen may be identified only in

general terms, such as "oxidized stainless steel."

Reported thermal emittance values for such

loosely defined specimens are of questionable

si_rnifiem_ce, not only because the alloy is inade-
quat.ely identified, but also because the thick-

ness of the oxide coating on the alloy is not
stated. The thermal emittance of such a com-

posite speei,,,en usually changes drastically

with ire'feast i_ the oxide thickness during the

early s/ages of oxidation; nevertheless, pro-

longed treatment may 1)e required for accumu-

lation of a layer of oxide thick enough so that
additional thickness does not measurably affect

tim themnal emittance.

('areful scrutiny of the descriptions of speci-
mens used for thermal emittance measurements

is often necessary for a reliable evaluation of
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the results. By the same token, authors can

enhance the value of reports by strict attention

to accurate and complete specimen descriptions

and by considering the bearing of this informa-

tion upon possible conclusions from the data.

THE ROLE OF SURFACES IN THERMAL EMIS-
SION

The literature contains numerous references

to the thermal emittance, or emissivity, as a

property of a .s'arjace. This useage may have

originated in reporting determinations of the

emissivities of metals, which have extremely
high coefficients of extinction except at certain

wavelengths that are too short to affect the

reported determinations significantly. The

thickness of metal required to yield the highest

rate of emission that the material can achieve,

and to block significant transmission of the

radiant energy, is so small that it may be

thought of in a macroscopic sense as a surface
layer. It is beyond the scope of these com-

ments to elaborate on the fact that the phenom-

ena comprised by the mechanism of reflection
at the surface of a solid or liquid take place, in

part, at finite distances from the actual surface

plane. For the purpose of this discussion it is
considered that these distances are negligible.

and that a reflecting surface has virtually zero

thickness. In this context, a surface cannot

emit but can only reflect some fraction of the

radiant flux that impinges upon it.

Thermal emission, as distinguished from re-

flection, is rigorously a volume phenomenon.
To visualize the vast difference in the roles of

bulk material and surface one has only to think

of a pot of clear molten glass in process of

manufacture. Luminous radiant energy

reaches the eye of a viewer by radiation directly

from its original source element, in the interior

of the hot glass, a substantial content of such

energy being emitted by elements of volume
that are much farther below the surface than

the total thickness of most laboratory speci-
mens. The surface of the molten glass reflects

part of the incident energy, thus performing a
function which is basically the same as for the

surtace of any other kind of specimen.

In a specimen of solid or liquid material
having a continuous, smooth surface (not neces-

sarily flat), the role of the surface, as it affects

thermal emission from the specimen, may be

compared to that of a clear glass chimney
around an open flame used for illumination; the

chimney reflects a certain fraction of the lumi-

nous energy impinging upon it from the interior,

and passes the remainder (neglecting the slight

absorption).

Any very small, finite unit of volume within

the surface boundaries of a solid specimen may

be arbitrarily chosen as the counterpart of the

flame. The absorption, scattering, and reflec-

tion by the atmosphere within the chimney

correspond to similar phenomena that occur

within the solid specimen, between the chosen
source-volume and the surface. In the solid

specimen, regardless of the material composing
it, the thermal energy initially radiated from

any such interior unit of volume has the spectral
distribution of flux that characterizes a black-

body at the same temperature. To function as

a perfect radiator or blackbody, the specimen,

in addition to being opaque, would be required

to transmit the internally radiated energy to

the surface without spectral modification and

to provide completely unhindered egress for

radiant energy reaching the surface at any angle
from the interior; however, no specimen of real

material will fully meet these requirements.

The real specimens that most closely approach

blackbody radiation are made up of discrete

particles dispersed in the same medium that

surrounds the specimen, usually air. This struc-
ture reduces reflection at the surface of the

specimen to a minimum, but it cannot com-
pletely eliminate solid-to-air or comparable

interfaces at the surface of the specimen; here

reflection occurs, in amounts and spectral dis-

tributions that are governed by the respective
indices of refraction of the two media. It

follows that the surface geometry of the speci-

men plays a vital part in determining the

thermal emission properties of the specimen.

This fact explains why it is necessary that a

specimen have specified surface characteristics

(in addition to being completely opaque) in
order for its thermal emittance to be charac-

teristic of the material, appropriate to he desig-

nated "emissivity." The most convenient and

practical specification of surface geometry is

that it be "optically flat." The powerful influ-

ence of surface contours provides a practicable
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means of modifying the thermal emittance of a

specimen; treatments such as etching or sand-
blasting may greatly increase thermal emittance.

In summary of the role of surface, the follow-

ing salient facts merit emphasis: (a) whether

smooth or rough, a surface or interface as such

does not emit, but can only reflect, (b) variation

in thickness of the specimen may grossly affect

its transmittance, and have a correspondingly

large effect upon its thermal emittance. Hence,
although the surface of a specimen plays a key

role, the practice of referring to tile thermal

emittance of a surface is neither accurate nor

conducive to lucidity.

INHOMOGENEITY AND DIFFUSE REFLECTION

The class of materials that gives rise to diffuse

reflection is so important, and the fraction of
incident radiation that these materials reflect

diffusely is often so large, that the phenomenon
is worthy of special emphasis. The earlier

literature of thermal emission studies, including

some excellent descriptions of the basic prin-

ciples, often touched lightly or not at all upon

this vitally important factor. A number of

dissertations on the interdependence of emis-

sion, transmission and reflection, and the con-

trolling role of extinction coefficient and

refractive index _ were fully applicable only to
optically homogeneous materials, since the only

aspect of reflection to be considered was the

specular reflection at the surface of the speci-

men, no mention being made of internal scatter-

ing and the resulting diffuse reflection, although

the latter may greatly exceed the specular

reflection in the case of heterogeneous speci-
mens.

In the class of materials typified by opaque,
fire-polished ceramics, the occluded [)articles are

often effectively submerged, so tha.t the specular

reflectance at the surfa<'e is controlled by the re-

fractive index of the medium in which they are

dispersed. The specular reflectance of such

materials for radiant flux impinging at angles

within 45 ° of the normal typically approximates

4 to 5%. The dispersed partMes scatter the

internal radiant energy most effectively when

their refractive index (lifters widely from that of
the medium in which they are distributed, and

_Or dielectric constant and magnetic permeability,

if the alternative approach is used.

when the latter absorbs very slightly. If these
conditions are met, and if the size of the dis-

parsed particles is optimal for a given interval

of wavelengths, 80% or more of externally
incident radiant flux may be internally scattered

by reflection from outer and inner surfaces of

the dispersed particles as well as by the related

refraction, and ultimately returned outward

through the surface. In brief outline, such is
the nature and extent of the diffuse reflection
that has sometimes been omitted from other-

wise thorough discussions of emission, trans-
mission, and r.eflection phenomena. If this

omission were not taken into account, it is

apparent that the calculation of emittance by

subtracting the sum of (specular) reflectance

and transmittance from unity could be grossly
erroneous.

RESTRICTIVE CONDITIONS FOR APPLICA-

TION OF BASIC EQUATIONS

The following basic equation is usually one

of the first, few given in an elementary treatise

on the subject:

E+R+T=I (1)

where

E emittance
R reflectance

T transmittance of a specimen

It, is also true that

E=A (2)

where A signifies the absorptance.

Well known and elementary as these equa-
tions are, certain restrictive conditions must
be met in their use if valid results are to be

obtained. Thus, if the sum of two of the char-

acteristic quantities is subtracted from unity

to establish the third by difference, it is neces-
sary that the geometric and spectral conditions

be compatible for all three. For example, if
emittance normal to the surface is to be com-

puted from known values of reflectance and

transmittance, validity requires that the known

values pertain to uniformly diffused illumina-

tion and normal viewing or the optical equiv-

alent, normal illumination and hemispherical
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viewing. The avoidance of pitfalls in this area
calls for careful attention to. these restrictive

conditions, and to maintaining the clear dis-

tinction between (a) the ratio to which each

letter-symbol in equation (1) applies, and (b)
the rate of flow of energy (power) to which

each symbol in equation (3) applies.
Even though all the symbols in equations

(1) and (2) pertain to ratios, there is a distinc-
tion among them that merits attention: namely,
the denominator in the ratio of fluxes which

determines E (and only E) has an absolute

upper limit for a specimen at any given tem-

perature. When numerical values of flux are

substituted into the equations, this peculiarity

may be an important factor to consider in

maintaining a valid equality. For example,

if heat transfer by conduction and convection,

or either one, is effective in the environment

of a specimen, the temperature of the specimen

may be stabilized at a level far removed from
that at which it would stabilize through radi-
ant transfer alone. In this case the rate at

which radiant energy is reflected and the rate

at which it is transmitted may also be at much

different levels than would prevail if stabiliza-

tion at the same temperature were accomplished
without conduction or convection. If heat

transfer is effected solely by radiation, the con-

dition required for the specimen to emit and
absorb at full flux capacity within each wave-

length increment, for the temperature at which

the rates of absorption and emission are bal-

anced, is that the incident radiant energy have

the flux density and spectral distribution of

blackbody radiation for the temperature of the

specimen. Under this condition tile flux re-

flected and transmitted by the specimen would
be limited in an absolute sense as a result of

the required limitation on incident flux. But

this condition is seldom encountered in prac-

tice; rather, when all/mat transfer to and from

the specimen is by radiation and absorption,

temperature stability is usually achieved, if at

all, t)y absorption within one predominant wave-

length interval and emission of equal power

within another predominant wavelength inter-

val. A familiar example of this condition in-

volves absorption of solar energy by a given

object, balanced by emission of radiant energy

mostly at other wavelengths, the spectral dis-

692-146 0--63--2

tribution of the emitted energy being controlled

by the comparatively low temperature of the

specimen.
To avoid confusion when discussing rates of

energy flow rather than ratios, it is desirable

to use symbols that are easily distinguished

from those in equations (1) and (2); thus,

_+p+_=_ (3)

where, for any spectral distribution of radiant

energy,
rate at which radiant energy is emitted by

the specimen

p rate at which radiant energy is reflected

from the specimen

r rate at which radiant energy is transmitted

through the specimen

rate at which radiant energy is impinging

upon the specimen
The two conditions that must be met for

equation (3) to be valid are (a) that all heat

transfer to and from the specimen be by radia-

tion, and (b) that the specimen be allowed to

adjust to the temperature at which it absorbs
and emits energy at the same rate regardless of

wavelength distributions.

TEMPERATURE PROBLEMS

Optical and radiation pyrometers, which are

widely available, can be used to make tempera-
ture measurements that are accurate enough for

most purposes when the object being observed

is (a) hot enough to be incandescent (in the

case of optical pyrometers), and (b) completely
enclosed within walls that are at the same tem-

perature. In practice, the errors introduced by

slight temperature gradients, and by the peep-
hole in the wall of the enclosure often are ac-

ceptably small. Under these conditions the
thermal emittance of the object being observed

has no important bearing upon the temperature
determination because the total radiant flux

leaving its surface and affecting the detector has
the characteristics of blackbody radiation,

although a part of it may be reflected by and

a part transmitted through the observed object.

If the observed object is heated under other

conditions, such as from the reverse side only,

or internally by passing an electric current
through it, and is radiating into surroundings

which are at a lower temperature, appropriate
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information regarding the thermal emission

properties of the object is required to permit
calibration of the pyrometer for accurate tem-

perature readings.
This situation gives rise to the familiar need

of investigators to know tile thermal emittance

of a specimen in order to determine its tempera-
ture or to know its temperature in order to

determine its thermal emittance. Specific pro-

cedures for alleviating this difficulty are de-

scribed in subsequent papers.
The final item in this brief review of some

frequently encountered pitfalls is one that has

received relatively little attention in the litera-

ture. Many materials of interest become

completely nontransmitting only at substantial

thicknesses, and an appreciable temperature

gradient within the partially transmitting layer
is usually present in determinations of thermal

emission properties. It follows that part of

the energy radiated from a specimen is emitted

by, and is transmitted as radiant energy di-

rectly from, elements of the specimen that are

located at various levels below the surface,

which are at differing temperatures. The frac-

tion of total energy emitted from a specimen
that is radiated directly from subsurface ele-

ments decreases exponentially with distance
below the surface.

A consideration of the effective temperature

of the specimen may be useful in this connec-

tion. This temperature would lie between the

surface temperature and that of the farthest

subsurface level of the specimen from which a

significant fraction of the radiated energy could

escape absorption and reflection, and hence

contribute directly to the total radiant energy
emitted by the specimen. A rigorous calcula-

tion of the effect would include not only the
variation in this contribution to observable flux

with distance of the emitting element below the

surface, but also the wavelength dependency of

the maximum depth below the surface from
which such contributions can be made.

A complete solution of this problem would be

quite complex. However, there are large cate-

gories of specimens for which the problem is not
serious. Materials having a high thermal con-

ductivity and high extinction coefficient, as

typified by metals, usually present no difficulty
on this score; some electrical nonconductors

with high extinction coefficients likewise induce

no serious errors from this source.

Fortunately, there is a self-compensating

feature of this phenomenon which is effective

in a vacuum. It is best explained by reference

to figure 1 -1, which is taken from a paper by
Jonathan Klein (ref. 2). The thickness values

in this figure should be thought of in terms of
optical rather lhan absolute thickness. The

level at which the curved line representing tem-

perature gradient joins the broken straight line

indicates the inaximum depth from which

energy can be radiated directly out through
the surface of the specimen at a significant rate.

At shallower depths the gradient, which is in-
dicated by the slope of the line relative to the

normal, steadily diminishes toward the surface.
Since the contribution to total radiant flux

from the specimen diminishes exponentially

with the depth of the source element, reaching

virtual zcro at the junction of the curved and

straight lines, it is apparent that the greater

part of the radiant flux from the specimen is

affected much less by the temperature gra(lient

Temp

Metal Coating Vacuum

FxGua_ 1-1. -Tcml)erature gradients through a thin

coating to a vacuum.
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than would be the ease if the gradient repre-

sented by the broken straight line were main-
tained to the extrenle outer surface. This

automatic reduction of temperature gradient

near the surface may make the extra trouble

and expense of working in vacuum well
worthwhile.

CONCLUDING REMARKS

One of the major difficulties in making relia-

ble measurements of thermal emittance, over

the wide range of conditions for which there is

need for data, is the lack of suitable standards.

This lack has been remedied in part as a result

of work done under sponsorship of the Air

Force at. the National Bureau of Standards.

Several working standards have been carefully

measured at NBS for spectral emittance over

the range of 1 to 15u in wavelength, and 800 °

to 14000 K in temperature. There are three

types of materials used for these standard speci-

mens, one type each for high, low, and inter-

mediate thermal emittance. They may be

purchased from the Building Research Division

of the National Bureau of Standards.

In conclusion, it is evident, from the foregoing

discussion that the determination of tempera-

ture and temperature gradients is an integral

part of the measurement of thermal emission

properties and phenomena. It is fitting there-

fore that the first session of the symposium be

devoted mainly to the principles and techniques

of t.emperature measurement.
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DISCUSSION

SCHWARTZ, NASA: What do you think the chances

are that the conflicting definitions ,rod nonsystematic

terminology mentioned in your discussion can t)e

recitified?

tIARRISON: The correction of this bad situation de-

pends first upon the willingness of the several responsibh!

scientific and technical societies and other interested

agencies to agree upon the use of an effective, meaningful

system of nomenclature, and furthermore, upon the

willingness of each interested group to yield in favor

of the adopted system in cases of nonconforming defini-

tions. It is not an easy task, technically or psychologi-

cally. But I believe that the people involved will

recognize the really urgent need of having a scientific

language that permits unambiguous communication,

and hence will be willing to make the necessary effort,

and to yield when necessary for the common good. To

get the required support for a successful program it is

important that the initiative in this movement be

taken by representatives of organizations having

sufficient prestige to insure cooperation.

Regarding the conflicting definitions of emitlance

that were previously mentioned, the terminology we

are now sponsoring, which currently has wide accept-

ance, may be illustr'tted in this way: If a highly absorb-

ing, optically flat substrate is covered uniformly with

increasing thicknesses of a highly reflecting, radiation-

scattering coating, a plot of reflectance against thickness

will show that at low thicknesses of the coating the

reflectance rises steeply with increase in thickness.

The rate of rise in reflectance becomes progressively less

steep with continued increases in coating thickness and

utimately becomes effectively zero as the reflectance

curve asymptotically approaches the maximum possible

reflectance value for the coating material. In practice,

it is considered that the asymptote has been virtually

reached when further increase in coating thickness yields

no measurable rise in reflectance. At all points along

this curve where the slope is dependent upon the coating

thickness, the refecting and emitting characteristics of

tim specimen are referred to in terms of the "ance"

ending. The maximum reflectance of which the coating

material is capable, as represented by the asymptote, is

a characteristic of the coating material, and is desig-

nated by a term having an "ivity" ending, namely

reflectivity. Since there is no transmission, the emissivity

of the coating is obtained by subtracting the reflectivity

from unity.

The objection may be raised that this system of

nomenclature is not currently followed by some

organizations of national importance, including the

Optical Society of America. It is true that the current

practice of certain groups conflicts with this system;

however, this state of affairs appears to have come

at)out by the failure, so far, of responsible organiza-

tions to follow the principles of nomenclature advocated

by some of their own most authoritative members.

For example, Chairman of the Committee on Color-

imetry of the Optical Society of America, Dr. L. A.

Jones, published a paper in 1937 in the Journal of the
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Optical Society of America (vol. 27, 1937, p. 207)
in which he tal)ulated terms in different columns accord-

trig to whether they were names of (l) a process, (2) a

property of a body, or (3) "_ property of a material.

listing reflectance and reflrctivit_1 under the apl)ropriate

headings for conformity with the systenl we are advo-

cating. Furthermore, in the Syml)osium (m Temp(:r-

ature (Its Measurement and Control in Science and

Industry) held under tho sponsorship of the American

Institute of Physics, the proceedings of which were

published in 1941 (Reinhold Pub. Corp., New York),

Prof. A. G. Worthing made a strong case for a system-

atic distinction between tim "ante" and the "ivity"

endings. In addition, the Report on Letter Symbols

for Heat and Thermodynamics, published by the Amer-

ican Standards Association in 1.943 (A,qA Zl0.4 1943),

contained a statement of adherence to this principle

of nomenclature. The omission of this statement from

a later edition did not reflect a chang(, from the stated

policy, but rather the decision that the statement was

outside the scope of a report on letter symbols. It is

evident that the use of the system of terminology that

reserves specific suffixes for the names of specific types

of properties has long been advocated, and ha._ im-

pressive authoritative backing.

A recent evidence of this fact is to be found in a

suggestion by 1)r. l)eane B. Judd, past president of the

Optical Society of America and current editor of the

Journal of the (_t)tical Society. He has l)roposed that

a new term which he coined be adopted, and be assigned

one of the conflicting definitions now assigned to erail-

tance. The new term he suggests is "emissanee."

Some individual_ have expressed apprehension at the

thought of still another term being added to the existing

long list, hut thi_ objection seems minor in comparison

with the major e(mfusion resulting from the current

incompatibility of different meanings assigned to the

same word; l)r Jud(t has made a constructive sugges-

tion that m,.rit_ car,,ful consideration, along with other

possible solutions. Wherever the chips fall, our hope is

that all ilnportant groups, national and international,

will look broadly at the nomenclature problem, will

get together and agree upon principles of systemiza-

tion, and will _aeh t)e pr(,pared to yield on definitions

of terrrL_ that conflict with the adopted system.

Within the space industry, as represented by the

authors at this symposium, we are speaking the same

language, l'aper_ t)re.-ented herein show that an

overwhelming majority of authors use emittanoe and

reflectance as properties of a specimen, while emissivity

and reflectivity _re reserved for characteristics of a

material.



2--TEMPERATURE MEASUREMENTS
BELOW 1000 ° K

BY JOHN L. RIDDLE

NATIONAL BUREAU OF STANDARDS, WASHINGTON, D.C.

ABSTRACT I

The thermodynamic temperature scale, now defined by assigning the value 273.16 to

the triple point of water, is the scale to which all temperatures are ultimately referable.

However, temperature measurements are usually made on a "practical" scale, rather than

directly on the thermodynamic scale, because such measurements are both more precise

and more feasible in terms of cost and time. Practical scales in use today are based on

measurements directly on the thermodynamic scale and are as close to a thermodynamic

scale as knowledge permitted when they were established.

Values on the International Practical Kelvin Scale (IPKS) are, by definition, equal to

the corresponding values oll the International Practical Temperature Scale (IPTS) plus

273.15 degrees. The IPTS is realized from --182.97 ° C (90.18 ° K) to 630.5 ° C (903.65' K)

by means of platinum resistance thermometers which meet certain requirements of purity and

construction and which have been calibrated at four defining fixed points to determine the

four coefficients in the specified formula, R_=Ro [1 ÷ At+ Bt2& Ct 3 (t-100)], where, by deft,d-

tion C=O for t_O. The four defining fixed points and their assigned values of temperature

are the triple point of water (+0.01 ° C), and the normal boiling points of oxygen (-- 1_2.97 °

C), water (100 ° C), and sulfur (444.6 ° C). Because of difficulties in realizing a reproducible

equilibrium at the sulfur point it was recommended in 1960 that the freezing point of zinc

(419.505 ° C) be used in place of the sulfur point.

A given platinum thermometer, suitable for use as a defining standard and carefully

handled, will repeat within a few ten-thousandths of a degree. Two such thermometers which

have been calibrated on the IPTS at different national laboratories can be expected to differ

less than 0.003 ° C at temperatures below 500 ° C. Since the | PTS was estab]ished, improved

gas thermometer measurements on the thermodynamic scale have indicated at least the

order of magnitude of the differences between the IPTS and the thermodynamic scale over

most of the range from -- 183 ° C to 630 ° C. These differences appear to be less that ± 0.1 ¢ C.

Below the lower limit of the IPTS (--182.97 ° C or 90.18 ° K) the NBS-55 scale, which

extends down to l0 ° K, may be used. Calibration on this scale is obtained by comparison

with a small group of reference platinum-resistance thermometers maintained at the

National Bureau of Standards. Thermometers calibrated at different times may be expected

to agree with each other within ±0.001 ° K and to agree with the thermodynamic scale

within =i=0.92 ° K between about 19 ° K and 90 ° K. From 19 ° K down to l0 ° K these uncer-

tainties increase by about a factor of five.

It is expected that in 1966 the IPTS will be altered by extending the defined range

covered by platinum resistance thermometers, both downward to about -253 ° C, where the

IPTS does not now exist, and upward to 1063 ° C, where the IPTS is now limited by the

reproducibility of the platinum-platinum rhodium thermocouple. It is further expected

that nearly all values of temperature will be altered to bring them into closer agreement

with values on the thermodynamic scale as determined by recent gas thermometer measure-

ments.

I EDITOR'S NOTE: Th_s long abstract of his remarks on temperature measurements below

I000 ° K was prepared by. Mr. Riddle as a substitute for the complete text of his paper which is not

available for inclusion in these Proceedings.
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DISCUSSION

J. C. RICHMOND: You harp discussed a large number

of developments concerning platimim-rcsistancc ther-

mometers and I wonder if wc haw missed an oppor-

tunity by not using them for all of our temp(,raturc

measurements. In particular, has anything been done

to reduce the size of platinum-resistance thermometers?

RIDDLE: Small platinum-resistance thermometers

available in this country arc approximatcly 5)_ mm in

diameter and 60 mm long. I understand that smaller

thermometers are availabh, in Russia, but I am not

sure of their availability in this couutry. In additiox_,

there are several other difficulties concerning the use

of platinum-r(_.qstam'(, thermometers rather than ther-

mocouple._. ()H_* i: the time response which for modern-

day platil_um-rcsi._tance thermometers is of the order

of 5 or 6 s_c. A second difficulty is the amount of

money iuvolved, t_amely, if one desires to make me&_-

urements to a_ accuracy of the order of a thousandth

of a dcgr(,c, a $4,000 bridge is rcquired. In addition,

each platimim-r_,_i_tar_ce thermometer when calibrated

costs approxim_t_,ly $800. For most people this is

(liscouragii_ _h_ ('o]lsider(*d relative to the use of

thcrlllo(!ollp]_,_.



3--THERMOCOUPLE AND RADIATION

THERMOMETRY ABOVE 900 ° K'

BY HENRY J. KOSTKOWSKI AND GEORGE W. BURNS

NATIONAL BUREAU OF STANDARDS, WASHINGTON, D,C,

This paper reviews the principles of thermocouple and radiation thermometry above

900 ° K, the present day precision and accuracy, and the commercial instruments currently

available. The International Practical Temperature Scale and the Thermodynamic Kelvin

Temperature Scale are briefly described. With regard to thermocouples, the presentation

is confined to the more generally accepted base, noble, and refractory metal types. Charac-

teristics such as temperature range, stability, and environmental limitations will be empha-

sized. The optical pyrometry section includes a discussion of emittance corrections,

recommendations for using visual optical pyrometers, and the status of photoelectric optical

pyrometers. Finally, two-color, three-color, and total-radiation pyrometers are dis-

cussed, primarily to show that, in spite of the recent interest in these instruwents, they

are not generally as suitable for measuring temperature as optical (single-color) pyrometers.

In determining the thermal radiation proper-

ties of solids, it is usually necessary to measure

the temperature of the solid or the temperature

difference between the solid and a blackbody.

These measurements often have to be the order

of ten times more accurate than the accuracy

required in the radiation properties. As a

consequence, it is desirable that those working

on thermal radiation properties of solids have

a basic, up-to-date knowledge of the field of

temperature measurenlents.

The instruments available for accurate ther-

mometry above 900 ° K are primarily thermo-

couples and optical pyrometers. The purpose

of this paper is to review the principles of

thermocouple and radiation thermometry, tile

present day precision and accuracy, and the

commercial instruments currently available.

In order to discuss accuracy, meaningfully, it

will also be necessary to consider the tempera-

ture scales in use today. With regard to

thermocouples, the review will be confined to

l This paper is largely an updating (rcf. 1) or conden-

sation (ref. 2) of sections of two previous publications.

tile more generally accepted base, noble, and

refractory metal types. Characteristics such

as temperature range, stability, and environ-

mental limitations will be emphasized. The

optical pyrometry section will include a discus-

sion of emittance corrections, recommendations

for using visual optical pyrometers, and the

status of photoelectic optical pyrometers.

Finally, two-color, three-color, and total-radia-

tion pyrometers will be discussed, primarily to

show that, in spite of the recent interest in these

instruments, they are not generally as suitable

for measuring temperature as optical (single-

color) pyrometers.

TEMPEI_ATUR i" SCALES

There are two major temperature scales in

use today. These are the Thermodynamic

Kelvin Temperature Scale (TKTS) (ref. 3) and

the International Practical Temperature Scale

([PTS) (ref. 4).

Thermodynamic Kelvin Temperature Scale

A thermodynamic scale since it is derived

from the second law of thermodynamics is

13
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independent of the properties of ally substance

(ref. 5). However, in order to define such a

scale uniquely, it is necessary to select (or de-

fine) a number for the temperature of some
one thermal state or for a temperature interval

between two states. The triple point of water

.was adopted (refs. 3 and 4) in 1954 by the
General Conference on Weights and Measures

as the fundamental fixed point on the thermo-

dynamic scale and assigned the temperature
273.16 ° K. This thermodynamic scale is called

the Thermodynamic Kelvin Temperature Scale

and temperatures on this scale are designated

degrees Kelvin or simply °K. It is considered
the fundamental scale to which all temperature

measurements should ultimately be referable.

Thernlodynamic temperatures can be realized

with a gas thermometer. At high tempera-
tures, where a gas thermometer becomes im-

practical, radiation from a blackbody together
with the Planck radiation equation can be used.

In general, thermodynamic temperatures can
be obtained fronl experimental measurements

of the quantities in any equation arising from

the second law of thermodynamics or the equi-

librium theory of statistical mechanics.

International Practical Temperature Scale

Accurate measurements on the TKTS are

very difficult, and, therefore, a practical scale
called the International Temperature Scale was

adopted by 31 nations in 1927 and revised in

1948. In 1960, its name was changed to the
International Practical Temperature Scale

(IPTS). This scale was designed to provide a

means for specifying any temperature lnore

conveniently and precisely than is possible on a

thermodynamic scale. In addition, the scale
was intended to be as close to the thernlo-

dynamic scale as existing knowledge and

technique permitted.
The ]PTS is based on six fixed points (oxygen,

triple point of water, steam, sulfur, silver, and

gold) and methods for interpolating between

these points. Temperatures on this scale are

designated degrees Celsius or simply °C (Int.
1948). From 630.5 ° (: (Int. 1948) to the gold

point, defined as 1063 ° C (Int. 1948), 2 tempera-
tures are interpolated by means of a quadratic

2 In this paper, unless stated oth_*rwise, all tempera-

tures will be given on the IPTS. Therefore, for

simplicity, (Int. 1948) will be omitted.

equation relating temperature to the electro-

motive force of a standard thermocouple of

platinum vs platinum-10v_o rhodium when one

junction is at 0 ° (i_ and the other is at the tem-
perature being measured. Above the gold

point, the IPTS is defined in terms of the

Planck equation and the ratio of the spectral

radiance of a blackbody at the temperature to

be measured to the spectral radiance of a black-

body at the gold point. The instrument nor-

really used to realize the scale in this range is
the disappearing filament optical pyrometer.

For details on" the definition of or recommen-

dations for realizing the International Practical

Temperature Scale, one should consult the
official text (ref. 6) or its translation by

Stimson (ref. 4).

Accuracy of Realizing the Temperature Scale

The concept of accuracy refers to how well

a particular wLlue agrees with the correct
value. However, except in a situation where
a material standard defines a unit of measure-

ment, such as the meter bar previous to 1960,
the correct value is not known and the accuracy

of a particular result can never be exactly

determined. An experimenter can make an
estimate of the constant or systematic errors

of a measurement, and this information is

certainly useful. Since such estimates are a
matter of judgement, they vary greatly from

one individual to another, and an objective

interpretation on the meaning of the errors is

even more difficult if not impossible to make.

There is a manner of obtaining an estimate

of accuracy (ref. 2), at least for temperature

measurements, which does not possess these
limitations. Various national standards labo-

ratories throughout the world independently

attempt to realize the TKTS and the IPTS.
Moreover, many of these laboratories are

continually trying to improve their realization

of the scales, and differences among the

laboratories are probably the best indications
available of how well the scales are being

.realized. Therefore, a very useful measure

of the accuracy of how well the TKTS or the
IPTS has been realized is the standard devia-

tion of the population consisting of the means

of the population of the temperature deter-

minations performed in each of the national
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TABLE 3-I.--Estimated Accuracy _ and Precision b in o C of Temperature Scales as of 1962

Temperature, ° C (Int. i948)

630.5 ...................

960.8 (Silver Point) ......

1063 (Gold Point) .......

2000 ................... i

4000 ...................

Estimated accuracy of
realizing International
Practical Temperature

Scale of 1948

t0. 02

.2

.2

d. 2

.4

2

10

Estimated precision of
thermometers nse(l to
realize International

Practical Temperature
Scale of 1948

0. 002

.1

.1

d.l

.3

1

3

Estimated accuracy of
realizing Thermodynamic

Teml)erature Scale of
1954 (refs. 7 and 2)

0.3

.4

.4

2

10

Reported differences
Therm. 1954 minus Int.

1948 (refs. 7 and 2)

+0.2

+ .5
+1.1

+.7
+1.5

"+3

*+10

Accuracy here means estimated standard deviation of the mean of

determinations fronl each laboratory in which attempts have been made
to realize either the international or the thermodynamic temperature
scales about the mean of all laboratories.

t, Precision of a thermometer means the estimated standard deviation

of the determinations of any laboratory (using one thermometer) about
the mean of the determinations in the same laboratory.

laboratories. In practice nunlerical results are
usually not available from all the national

laboratories, and therefore only a sample
or estimated standard deviation can be deter-

mined. Of course, any constant systematic
error that exists in all the national laboratories

is not revealed in this manner. But neither

would it be accounted for in any other lnanner.
Thus it is believed that the above standard or

sanlple standard deviation is the best available

estimate of the accuracy of realizing the TKTS
or IPTS, and this is how accuracy is defined in

this paper. Similarly, precision is defined as
the estinlated standard deviation of the deter-

nlination of any laboratory about the mean

of the deternlinations in the salne laboratory.

Table 3-] gives the estimated accuracy of

realizing the TKTS and tile IPTS, the esti-
mated precision of the thernmmeters used in

realizing the IPTS, and reported differences

between the two scales. Thernmdynamic tem-

peratures at and below the gold point have been

obtained by gas thermometry and above the

gold point by visual optical pyronietry. The

table represents the best that can be done in

tenlperature nleasurements as of 1962, and it

should be emphasized that the accuracy of any

temperature measurement can be no better

than the accuracy of the scale to which it refers.

The first of the two entries (0.02) refers to a standard platinum resist-
ance thermometer and the second (0.002) to a standard thermocouple.

,i The two entries are standard thcrmocouplc and xdsual optical
pyrometer, respectively.

•' These values are calculated using 1064.5 ° C for the gold point and
1.43_ cm deg for the second radiation constant, C2.

The precision and accuracy of realizing the

TKTS and the IPTS above 900°K may im-

prove significantly during the next few years

as a result of the development of more accurate

gas thernlolneters (refs. 7 and 8), photoelectric

pyrometers (refs. 9 to 11), and high temperature

platinum resistanc.e thermonleters (ref. 12).
The latter two thermometers should also be

useful for general laboratory use. Mr. Riddle
has presented details on a high temperature

resistance t hernmmeter at this symposiunl, and

photoelectric pyronleters will be discussed in

the Optical Pyrometry Section of this paper.

THERMOCOUPLES

The theory and use of thermocouples to de-

ternline temperature are well established.
Three fundamental laws governing thermo-
electric circuits have been formulated and are

supported by a wealth of experilnental evidence.

They are often combined in tile statement:

"The algebraic suln of the thermoeleetro-

motive forces generated in any given circuit

containing any number of dissimilar holno-

geneous metals is a function only of the tem-

perature of the junctions" (ref. 13). One of

the major linlitations in the use of thermo-

couples for high precision temperature measure-
mcnts arises from the fact that unwanted emfs

are generated in inhomogeneous thermoele-
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ments passing through temperature gradients.

When selecting thernmcouple materials, care

should be taken to obtain as homogeneous ma-

terial as possible and to have the material in a
well annealed state.

An importanl aspect in any temperature

measuring problem using a thermocouple is

bringing the measuring junction of the thermo-
couple to the same temperature as the object

or environment whose temperature is to be
determined. Such a condition can be approach-

ed if care is taken to minimize conduction and

radiation losses (refs. 14 and 15). Also, there
must be sufficient electrical insulation between

thermoelenmnts of the thermocouple so that
emf determinations will be a true indication of

the temperature of the measuring junction.
Often in practice the experimenter may have

geometrical or environmental limitations which

make it impossible to exercise all the precau-

tions necessary for good thermometry. How-

ever, usually the effects resulting from a lack
of ideal conditions can be evaluated and ae-

counted for to some extent. The proper use

and testing of thermocouples are described in

great, detail in the literature (refs. 16 to 18).
In selecting a thermocouple for a particular

application, one must consider a number of fac-

tors. Among these are the environment and

temperature range in which the thermocouple

is to be used, the stability which can be expected

of the thermocouple in this range, the thermo-
electric characteristics of the thermocouple, and

perhaps the cost of the thermocouple materials.

For temperatures below 1200 ° C inexpensive

base metal thermocouples find wide application.

At higher temperatures, to 1800 ° C, it is neces-

sary to use thermocouples made of noble metals,
metals which are more or less indifferent to their

environment. At still higher temperatures, re-

fractory metal timrmocouples are required.

These thermocouples are characterized by the

high melting points of their constituents. All of
these thermocouples may be used with some

success at lower temperatures. They should be

used at temperatures above their recommended

range only in special situations, and then with

the understanding that performance may be

impaired.

Over the years a wide variety of thermocou-

ples have been used for various temperature

measuring situations. Some types have been

found superior to others and have come into
common use. In what follows the character-

istics of the more common thermocouples will
be descrit)ed.

Base Metal Thermocouples (less than 1200 ° C)

For temperatures up to 1200 ° C base metal

thermocouples having nickel as the major al-

loying component are used extensively in
industry for' measuring and controlling tempera-

ture. Examples are the Chromel P vs Alumel

thermocouple, the Geminol-P vs Geminol-N

thermocouple, and the Kanthal + vs Kanthal--

thermocouple. They are inexpensive, have a

high thermoelectromotive force, and are reason-

ably oxidation resistant. These thermocouples
are considered to be reproducible to about 0.5 °

C when used for" short periods of time and not

used above 90() ° C. Dahl (ref. 19) showed that

a Chromel P vs Alumel thermocouple could be
used in air at 1000 ° C for 1000 hours with a

maximum ('hange in calibration of only 5°. At

1200 ° C, however, a Cln'omel P vs Alumel ther-

mocouple failed after 200 hours, its calibration

change being 12 ° at the time of failure. Potts

and McElroy (ref. 20), in more recent work.
have conducted extensive tests to 1000 ° C on

nickel-base thermocouples. These tests include

studies on homogeneity, cold working, anneal-

ing, oxidation, metallographv, and stability.
The maximum recommended operating tem-

perature for nickel-base thermocouples is about
1250 ° C. Refractories such as porcelain, mag-

nesia, or alumina appear adequate for electrical
irrsulation of 1fickel-base thermocouples through-

out their useful lemperature range. The use of

a sheathed or swaged thermocouple assembly

may appreciably _,xtend the useful life and in-
crease the rcliat)ilily of these thermocouples in

applications where corrosive atmospheres be-

come a problem. Care should be taken to
remove carbonaceous materials from insulating

and protecting materials before thermocouple

assembly, since nickel-base thermocouples may

undergo large calibration changes at high tem-

peratures i_ the presence of such materials. In

addition, the use of nickel-chromium alloys

under margblally oxidizing conditions should be

avoided Studies by Sibley (ref. 21) show the

effect of heating a (_hromel P vs Alumel thermo-
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couple under such conditions. Relatively large
changes (88 ° F 3 negative drift.) were observed

in the thermocouple calibration after heating
for 280 hours in a marginally oxidizing atmos-

phere at 2000 ° F (1093 ° C). The change was

attributed to preferential oxidation of chromium

in the Chromel P leg. Sibley also pointed out

that marginally oxidizing conditions conducive

to preferential oxidation carl develop within

protecting tubes througil contamination or even

through stagnation of air. Therefore, the use

of large diameter protecting tubes is recom-
mended to permit free circulation of air. How-

ever, recently, a special grade of Chromel P

alloy which is more resistant to preferential

oxidation when subjected to marginally oxidiz-

ing conditions has been developed (ref. 21).

Noble Metal Thermocouples (less than 1800 ° C)

When cost is not a major problem, and it

should not be except ill situations where large

numbers of thermocouples are used, the gen-

erally more stable noble metal thermocouples

are preferred over the base metal types. A
noble metal thermocouple which has thermo-
electric characteristics similar to the nickel-base

thermocouples has been developed recently (ref.
22). This thermocouple is called Platinel.

Tests by the manufacturer show that the tem-

perature-emf curves of the Platinel and Chromel

P vs Alumel thermocouples agree within 2%

up to 1200 ° C. Under certain conditions, the

Platinal thermocouple has proven to be more

stable than nickel-base thermocouples. Stabil-
ity tests in an oxidizing atmosphere of wet

steam and carbon dioxide gas at 1200 ° C showed

the Platinel thermocouple to be superior in
performance to a Chromel P vs Alumel thermo-

couple of the same wire size. Data are also

reported by the manufacturer for stability of

the Platinel thermocouple in air. After about
1000 hours in air at 1300 ° C a Platinel therrno-

couple showed a maximum shift in calibration

of only 3 °. Platinel thermocouples are cur-

s There are no Fahrenheit units defined on eithcr the

International or Thermodynamic Scales. Nevertheless,

they are still occasionally used in practice. When tem-

peratures in the literature are giw_'n in Fahrenheit units,

we have retained the usage in tiffs paper with the

approximate Celsius units on the I]'TS also giv_n.

For this purpose we have defined ° F=9/5X ° C (Int.
1948) +32.

rently being studied at NBS by Freeze and

Davis. In one test a Platinel thermocouple
was electrically heated in air at about 1200 ° C.

From time to time it was checked against a

reference thermocouple for changes in calibra-
tion. After a total of 1000 hours at 1200 ° C a

shift in calibration equivalent to only 4 ° at
1200 ° C was observed. Details on this work

by Freeze and Davis should be available in a

future ASD technical report.

Another noble metal thermocouple has been
developed recently for use in combustion-type

atmospheres. The thermocouple has pure pal-

ladium for one leg and a platinum-15% iridium

alloy for the other. This thermocouple de-
velops roughly three-fourths the electromotive

force of a Chromel P vs Alumel thermocouple

at ll00 ° C'. Work by Ihnat (ref. 23) showed

pallad!um vs platinum-15°'/o iridium thermo-

couples were reliable to within :i:0.507o when

used in an oxidizing atmosphere for periods as
long as 400 hours in the 1000 ° to 1250 ° C tem-

perature range. Ihnat recommended that the

palladium vs platinum-15% iridium thermo-

couple not be used in a hydrogen atmosphere

and that welded junctions be formed under pro-

tection of an inert atmosphere. Also, the an-
nealing procedure (refs. 24 and 25) for the

thermocouple appears to be important if good
stability is to be obtained. Reference tables

for the palladium vs platinum-15% iridium

thermocouple have been prepared at NBS by

Freeze, Caldwell, and Davis (ref. 26).

The most accurate temperature measure-
ments in the range from 630.5 ° C to about 1300 °

C, are made with the platinum vs platinum-

10% rhodium thermocouple and the platinum

vs platinum-13% rhodium thermocouple.
These thermocouples are used widely in labora-

tory applications for reference standards and

for precise experimental work. hi fact, since

the platinum vs platinum-10% rhodium

thermocouple is used as the interpolating in-
strument on the International Practical Tem-

perature Scale of 1948 in the range 630.5 ° to

1063 ° C (ref. 4), all other instruments used to

measure temperature on the IPTS in this range

must ultimately be compared with this thermo-
couple in some manner. The electromotive

force of the platinum vs platinum-13% rhodium

thermocouple is slightly higher than the plat-
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inum vs platinum-10% rhodium thermocouple,

about 10% at 1300 ° ('. Otherwise, for all

practical purposes, the two can he considered

similar in performance.
With carefully handled, well annealed (ref.

27), reference-grade platinum and platinum-

rhodium wires, it is possible to obtain a preci-

sion with platinum vs platinum-rhodium

thermocouples of 0.1 ° for short periods of time
at least up to 1100 ° C. Thermoelements

ranging from 30 to 60 inches in length can be

cut randomly from 100 foot len_,ths of such

platinum and platinum-10% rhodium wire,
drawn from the same lot, and the calibration of

thermocouples fabricated from these wires will

seldom differ from the average of all the thermo-

couples by more than a few tenths of a deg at

the gold point (1063 ° (:). With wire of this

quality, and in special situations where the

temperature gradients along the wires can be

expected to be the same from one determina-

tion to another, precision of better than 0.1 °

is possible. Platinum vs platinum-10%
rhodium thermocouples are tcsted at the

freezing points of gold (1063 ° C) and silver

(960.8 ° C) and at 630.5 ° C and 419.5 ° C during

a primary calibration (ref. 16) at NBS. The

uncertainties at each point do not exceed the

equivalent of 0.2 ° C. Well annealed platinum

vs platinum-10 % rhodium thermocouples fabri-
cated from unused wire are expected to repeat

from determination to determination at any of

these points to within the equivalent of a few
hundredths of a degree.

Platinum vs platinum-10% or-13% rhodium

thermocouples are reliable to within h/% up to
1300 ° C if used in a clean oxidizing atmosphere

and not used for extended periods above 1300 °

C. High purity alumina is recommended for

insulation and protection of these thermo-

couples when they are to be used for extended

periods of time above 1000 ° ('. Though
recommended for use in oxidizing atmospheres,

recent work (refs. 28 and 29) indicates that

they can be used with some reliability in

vacuum, neutral, and even reducing atmos-

pheres if precautions are taken to eliminate

sources of possible contarnination.

Experience indicates that, the electromotive

force of platinum vs platinum-10% or -13%

rhodium thermocouples tends to decrease with

time at a given temperature and depth of
immersion. The changes are thought to be

due to (a) rhodium migration, (b) preferential
volatilization or oxidation in the alloy wire,

and (c) chemical contamination. Rhodium

migration (refs. 29 to 32) is the transfer of
rhodium from the alloy wire to the pure plati-

ntun wire. It results in instability by decreas-

ing the electromotive force of the thermo-

couple. Th()ugh not fully understood, the

process is believ,.d to progress more rapidly in

situations where the measuring junction of the

thernm('ouple is used in a region of sharp

temperature gradient. Several investigators

(refs. 29, 33 to 35) have reported that either

platinum or rhodium may be preferentially

removed from the alloy wire by volatilization
or oxidation. The extent of this effect appears

to depend strongly on the temperature and
conditions under which the alloy wire is heated.

In any event, the effect does not seem to cause

any serious problems for temperatures up to

1300 ° C if the thermocouples are mounted in

twin-bore insulating tubes and not used in a

rapidly moving oxidizing atmosphere. In most
practical applications, chemical contamination

of the t hernmcouple from the surrounding en-

vironment is probably the principal factor that

limits the useful life of platinum vs platinum-

rhodium thermocouples used in the range
630.5 ° to 1300 ° C Common causes and effects

of chemical contamination on platinum vs

platinum-rhodium thermocouples can be found
in the literature (refs. 36 and 37).

For precise temperature measurements in

the range 1300 ° to 1750 ° C thermocouples

utilizing t)urc platinum as one thernmelement
are declining in use in favor of thermocouples

employing platiuum-rhodium alloys in both

legs. Using an alloy in both legs increases the
mechanical strength of the thermocouple at high

temperatures and appears to reduce the effects
of chemical contamination and rhodium migra-

tion. Ehringer (ref. 38) studied the behavior

of platinum and platinum-rhodium alloy wires
when heated for periods of time in air and hydro-

gen. He heated the wires in the presence of
various refractory oxides such as alumina

and silica. In this work alloys of platinum-
rhodimn were sh_,wn to be much less susceptible

to changes in calibration than pure platinum.



Thermocouple and Radiation Thermometry Above 900 ° K

Metealfe (ref. 32) showed that a platinum-l%

rtmdium vs platinum-13% rhodium thermo-

couple was more stable in a vacuum at, 1510 ° C

than a platinum vs platinmn-13% rhodium

therocouple. The improved behavior was at-
tributed to a reduction in the effects of rhodium

migration and chemical contamination. Re-

cent studies have been made by Walker, Ewing,

and Miller at the Naval Research Laboratory
on the instability of noble metal thermocouple,_

in the range 1000 ° to 1700 ° C. Effects of

various grades of alumina sheathing on the

thermoelectric characteristic of platinum and

platinum-rhodium alloys in oxidizing and neu-

tral atmospheres were investigated. They

found that the platinum-rhodium alloys were

more stable than pure platinum when used in

similar environments at. high temperatures. A

paper covering this work should appear in the
literature within a few months.

Three platinum-rhodium alloy combinations

have gained general acceptance. These are
the platinum 5% rhodium vs platinum 20%

rhodium, platinum-6% rhodium vs platinum-

30% rhodium, and platinum-20% rhodium vs
platinum 40% rhodium thermocouples. The

platinum--5% rhodium vs platinum-20% rho-

dium and platinum-6% rhodium vs platinum-

30% rhodium thermocouples have nearly the
same thermoelectric characteristics in the

range 1300 ° to 1750 ° C. Their thermoelectric

powers at 1600 ° C are 10 _v/° C and 11 #.v/° C,

respectively. The platinum-20% rhodium vs

platinum-40% rhodium thermoeouple has a

thermoelectric power of only 4.5 uv/° C at

1600 ° C. However, Jewell, Knowles, and

Lord (ref. 39) have studied this thermocouple
and recommend it for use in the 1700 ° to 1850 °

C temperature range. Wire manufacturers in
this country have standardized on the platinum-

6% rhodium vs platinum-30% rhodium ther-
rnocouple. Reference tables are being prepared

at NBS for this thermocouple, and reference

tables for the platinum-6% rhodium vs

platinum-30% rhodium thermocouple have

appeared recently in a paper by Obrowski and

Prinz (ref. 40). Though no long term stability

experiments have been conducted at NBS, ex-

cellent stability for short periods of time has

been observed with this thermocouple at tem-

peratures up to 1650 Q C.
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Recrystallized alumina has been used success-

fully for insulation and protection of platinum-

rhodium alloys. However, at temperatures

approaching 1800 ° C errors introduced by
insufficient electrical insulation between ther-

me-elements should not be overlooked. Also,
caution should be exercised in the use of alumina

as at, insulating material in the presence of
carbonaceous materials at temperatures above

1600 ° C (ref. 41). Though it is usually recom-
mended that platinum-rhodium alloy combina-

tions be used in oxidixing atmospheres,
intermittent use in vacuum, neutral, and

hydrogen atmosphere appears possible. Except

in cases where these thermocouples can be

used in an exceptionally clean environment,

protection by high purity alumina will most

likely extend their useful life.

Refractory Metal Thermocouples

Increased demands from high temperature

technology in the past ten years have led to

accelerated programs in the search for thermo-
couples capable of reliable temperature measure-

ments above the range of platinum-rhodium
types. Though the properties of numerous

combinations have been explored, only a few

displayed promise and have been developed to

any extent. Sanders (ref. 42) gives an extensive

review of the many thermocouples that have
been tried above 1800 ° C. The two high-

temperature thermocouple systems receiving

the most attention at present are the tungsten-

rhenium and iridium-rhodium systems. Only

refractory metal thermocouples of these two

systems will be discussed in this paper.

The tungsten vs rhenium and tungsten vs

tungsten-26% rhenium thermocouples have

been the most widely investigated ira the

tungsten-rhenium system. Of these two, the
tungsten vs tungsten-26% rhenium appears to

offer the most promise in terms of high tempera-

ture capabilities and accuracy. A gradual

decrease in the thermoelectric power of the

tungsten vs rhenium thermocouple with in-

creasing temperature limits its use for most

practical applications to temperatures below

2200 ° C. The tungsten vs tungsten-26%

rhenium thermocouple has been reported as

having a high thermoelectric power up to at,
least 2800 ° C and has shown excellent, stability
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at temperatures as high as 2200 ° ('. In

recent work by Lachman (ref. 43) a tungsten vs

tungsten-26_ rhenium thermocouple was
heated for 100 hours at 4000 ° F (2204 ° C) in

argon and showed a maximmn change in cali-
bration of 12 ° F. Lachman claimed that

similar stability could be expected in a hydrogen

atmosphere.

As a result of the incre_tsing use of high

temperature thennoeouples and with improve-

ments in the quality and awdlability of re-

fractory metal wires, the NBS has initiated a

project to investigate the t.hernmeleetric prop-

erties of the more promising refractory metal

materials. High temperature testing facilities

(ref. 44) have been developed at NBS and

Thomas is preparing reference tables for the
tungsten vs rhenium thermoeouple. Thermo-

couples, made from tungsten wire of different
lots obtained from three different commercial

sources, and rhenium wires, from different lots

from a single commercial source, have been

tested in the range 1000 ° to 2000 ° C in a

helium atmosphere. The maximum deviation

for any thermoeouple in the group from the

average of all the thennocouples is about 20 °
at 2000 ° C. Though no long term stability

tests on the tungsten vs rhenium thermocouple

have been made at NBS, the thermocouple has,

in general, proved to be stable for short periods

of time at temperatures up to at least 2000 ° (_

in a purified helium atmosphere.

A major limitation in thermocouples employ-

ing pure tungsten as one thermoelement is
the extreme brittleness of the tungsten in the

recrystallized state. Handling of tungsten
wire after it has been heated above about 1200 °

(_, requires utmost care. The fact that the
tungsten-26% rhenium alloy is still ductile at

room temperature after being heated for ex-

tended periods above its recrystallization tem-

perature suggests the possibility of obtaining

a more useful high temperature thermocouple

with improved mechanical properties by using

tungsten-rhenium alloys in both legs. In a

recent test at NBS a tungsten-3e/v rhenium

alloy wire was heated for 1 hour at 2000 ° C in

a purified helium atmosphere. After this

treatment it could be bent. into a hairpin shape.
For reliable use at. high temperatures,

tungsten vs rhenium and tungsten vs

tungsten-26_Vc rhenium thernmcouples require

a protective atmosphere free of oxidizing gases.

Exposure to air above 1000 ° C will result in

immediate failure of these thermocouples. All
traces of water and carbonaceous materials

should be removed from insulating and pro-
tecting parts before assembling these thermo-

couples. The behavior of tungsten vs rhenium

and tungsten vs tungsten-26% rhenium thermo-

couples in vacuum (refs. 45 and 46) hydrogen

(refs. 47 and 4s) neutral (ref. 43) and carbon

(refs. 41 and 49) atmospheres has been studied,
and the literature should be consulted for

details.

Alumina appears satisfactory for electric

insulation of these thermocouples up to about
1800 ° C. Above this range there are no

completely satisfactory materials available

today. In some cases, satisfactory results

have been obtained with beryllia and thoria.

Heath (ref. 41) and Sanders (ref. 421) haw,
reviewed the merits and limitations of these

and other high temperature refractory oxides.

Thermocouples of the iridium-rhodium

system are of particular interest because they
show promise as being useful in oxidizing

atmospheres above the range of platinum-

rhodium typ_,s. One proven refractory thermo-

couple of this type is the iridium vs

rhodium-40% iridium thermocouple. It has
been calibrated and used to 2100 ° C in a

neutral at mosl)here with a maximum uncer-

tainty of 7 °. Only minor changes in the
calibration of this thermocouple have been

reported after 50 hours at 2000 ° C in an

atmosphere containing 2% oxygen. The ther-

mocouple failed after 12 hours in air at 2000 °

C, but was relatively stable during its lifetime.

Moreover, the use of a protective sheath will

prolong its life in air (ref. 42). Kuether and
Lachman (ref. 45) have studied the behavior
of the iridium vs rhodium-40% iridium

thermocouple in vacuum at temperagures up

to 2600 ° F (1427 ° C). They found a shift

in calibration equivalent to 21 ° F at 2000 ° F
(1093 ° C) after heating an iridium vs rhodium--

40% iridium thermocouple in a vacuum for a

period of 20 hours at 2600 ° F (1427 ° C).
Caldwell and Blackburn at NBS have been

working on a program to establish reference
tables for several alloy combinations of iridium-
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rhodium against iridium. An iridium black-

body inductively heated in a high precentage

helium atmosphere is being used in this work.

Tables have been prepared for the iridium vs
rhodium--40% iridium thermocouple in the

range 0 ° to 2100 ° C (ref. 50). Eight thermo-
couples fabricated from three different lots of
wire from the same manufacturer were tested

and the data used to construct the reference

table. The maximum deviation of any of the

eight thermocouples from the reference table
was about 10 ° at 2000 ° C. They were able to

use beryllia and tiioria for electrical insulation

but empirically determined corrections were

necessary above 1800 ° C.

Homogeneous iridium vs rhodium-40% iridi-

um thermocouples are available commercially

and they are sufficiently ductile to permit

bending on a quarter-inch radius. The major

TABLE 3-II.--Estimated stability Jor the

limitations in using this thermocouple are its

high cost and relatively low thermoelectric

power (5.5 gv/° C at 1300 ° C and 6.5 gv/° C at

2100 ° C).

The greatest problem in the reliable use of

thermocouples above about 2100 ° or 2200 ° O is

the lack of satisfactory materials for protection
and electrical insulation. The seriousness of

insufficient electrical insulation at high tem-

perature is illustrated in a recent report by

McGurty and Kuhlman (ref. 51). Due to lack

of adequate insulating and protectiug materials
the use of bare thermocouples is mandatory at

present if reliable temperature measurements are
to be made at these high temperatures.

A summary of the temperature range, em[,

thermoelectric power, and stability of the

thermocouples discussed in this paper is given
in table 3-II. The numbers are estimates

more reliable high temperature thermocouples

Thermocouple

Chromel vs Alumel__ _

Palladium vs platinum

15_ iridium

Platinel + vs Platinel___

Platinum vs platinum-

1o% or 13%
rhodium

Platinum-0 % rhodium

vs platinum-30%

rhodium

Platinum-5 % rhodium

vs platinum-20 vTo

rhodium

Platinum-20 _o rhodium

vs platinum-40 efo
rhodium

Tungsten vs rhenium__

Tungsten vs tungsten-

26_ rhenium

Iridium vs rhodium-

40t_ iridium

Atmosphere

Oxidizing__ _

Oxidizing___

Oxidizing___

Oxidizing ....

Oxidizing___

Oxidizing___

Oxidizing___

Inert.......

Inert .......

Inert or [

slightly I

oxidizing

Approximate
electromotive

force at tempera-

ature indicated,
mlllivolts

41

49

38

' Temperature, °C

(Int. 1948)

Estimated change in calibration
after being at temperature for
time indicated deg.

48

11 or 12

15 or 17

12

12

28

37

II

Thermoelectric

power at temper-
atur¢ indicated,

_v/° C

39

36

43

32

12 or 13

12 or 14

11

10

1000

1200

1200

1200

11O0

1500

1700

1700

1800

I0 hr 1000 hr

0.5 5.0

2.0 aF

0.5 5.0

0.5 3.0

<o. 1 2.0

1.0 ........

4.0 ........

4.0 ........

6.0

• F means the therTnocouple would fail before the time indicated.

7

14

2OOO

22OO

2OOO

10.0

10. 0

I0. 0 ........
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t 1

p v$ ALUMEL

fPLATINEL

W vs W-26% Rq

P! VS PI-13%Rh

v_ Pt - 10% Rh

Pt-6%Rh vS Pt-30%Rh

i% Rh v$ Pt-20%Rh

/Pt-20% Rh vii Pt-40%Rh

0 I

600 1400 2200 2800

TEMPERATURE (DEGREES CELSIUS}

FIGURE 3-1.--EMF plotted against temperature for
the more commonly used high temperature thermo-
couples, reference junction at 0 ° C,

based on data found in the literature and on

experience at. NBS. Also, temperature-emf

curves for the thermocouples are given in

figure 3-1. The curves cover the range of

available calibration data., but it is not neces-

sarily recommended that the thermocouple be

used over the entire range.

OPTICAL PYROMETERS

When a thermocouple is undesirable because

it disturbs the system significantly or unreliable

because the temperature is too high, an optical

pyrometer shouhl be considered for determin-

ing' the temperature. Moreover, because the
IPTS above 1063 ° (_ is defined in terms of

radiation, even thermocouples must be ulti-

mately calibrated with a radiation thermometer

above this temperature.

'Phe radiation thernmmetry part of this paper

will be organized differently and have signifi-

cantly fewer references than tile thermocouple

part, This is due primarily to two reasons,

First, there are a. large number of therlnocouples

useful in different environments and tempera-

t.ure ranges while the optical pyrometer is the

only radiation device recommended for temp-

erature determinations. Second, one of the

present authors was a co-autimr of a recent

monograph Oh optical pyrometry (ref. 2) from

which this review paper draws heavily. It was

not thought worthwhile or necessary to repeat

details of general pyrometry theory or methods,

so only the results considered particularly ap-
propriate for people at this symposium are

repeated or sum,narized.

The measurement of temperature by optical

pyrometry is based on the fact that the spectral

radiance of a body depends on its temperature.

For a blackbody, the spectral radiance is related

to the temperature by the well-established
Planck radiation equation (for units and nota-

tion, see ref. 2):

C,X-_/-
Nb_(T)-- eC,/xT 1 (1)

where C, and C2 are constants, X is the wave-

length, and T is the temperature expressed in

degrees Kelvin) When the object is not. a

blackbody, the fractional reduction in spectral
radiance, for the same temperature, is given by

the spectral emit tance, ex(T), and the spectral
radiance becomes

N_(T) = _(T) N_(T) (2)

In this case, in order to determine the tempera-

lure of tic object i)y optical pyrometry, it is

necessary to determine not only the spectral

radiance })tit also the spectral emittance. This

need for spectral emmittance is probably the

major problem in determining temperatures by

optical pyrometry. This is particularly dis-
couraging for the people at this symposium

because 11,, temperature is needed to determine

the spectral cmittance and the spectral emit-

lance to determine the temperature (with

opti('al pyro_netry). On the other hand, this

clearly ell_p/msizes the importance of spectral
emittance data and tile contributions that can

be made in this field.

As a result of the above-mentioned paradox

with temperature and spectral emittance, most

4 This tvrnp_ratur,, can be expressed on the TKTS
or t ho II'TS. In the latter case, which is usually pre-
ferred, th,. t(,'nperature is equal to t,.t4-To where
To=273.15 o.
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spectral emittance studies utilizing optical

pyromet_- to obtain the temperature require a
blackbody (spectral emittance equal to one).

Nevertheless, it is possible to use tt non-black-

body whose spectral emittance has been deter-

mined previously; and, in addition, optical

pyrometers are often checked or calibrated with

non-blackbody sources. Therefore, problems

inherent in determining the temperature of

non-blackbody as well as blackbody sources

will be discussed in this paper.

Temperature Determinations With Optical Py-

rometers

Optical pyrometers are instruments which de-

termine the spectral radiance, at a particular

wavelength, of a radiating object. The deter-

ruination is usually expressed as the temperature

of a blackbody which has the same spectral

radiance at this wavelength. Such a tempera-

ture is called the brightness and, in general, is

a function of wavelength. Mathematically, it

is defined by the equation

N,(T)=_v(T)N_,(T)=Nb_,(T'B) (3)

where T_ is the brightness temperature at

wavelength X'. If the object being sighted on

is a blackbody, the brightness temperature is

the actual temperature and, of course, is then

independent of wavelength.
]n order to obtain the temperature of a non-

blackbody from an optical pyrometer determi-

nation, the spectral emittance at the wavelength

associated with the pyrometer is required. The

temperature can be obtained from equation (3)

or more explicitly from 5

½

e_,, (t) _--- eX'"+ 7"°)-- 1
_, (4)

ex, (z_+ to) __ 1

where t÷ To= T and t_j+ T,= T_, t is the tem-

perature, and t_ is the brightness temperature

(at wavelength X') in °C (Int. 1948), e_,(t) is

the spectral emittance at X' and t, (_=1.438

cm deg, and To=273.15 deg. Usually, the

5 In this paper the symbol t designates temperature

in °C and T in °K. Though both temperatures are

on the ITPS and shouM be designated t,..t and T..,

for simplicity the subscripts have been omitted.

692-146 0--63--3
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Wien radiation equation is an adequate approxi-

mation _ for the P]anck equation. Then equa-

tion (3) can be simplified to

1 1 , X'
(5)

tral emittance with temperature may be

neglected one obtains

dT X'Td_ (6)
T-- G _

If an accuracy of :k0.01u for X' is adequate,

the value 0.65u can usually be used for visual

optical pyrometers manufactured in the United

States (as of 1962).

The spectral emittance at 0.65u has been
determined for a number of substances (refs. 52

to 54). In addition, Poland, Green, and Mar-

grave (ref. 55) have published a set of tables,

calculated from equation (4), giving the actual

temperature as a function of the observed

brightness temperature and spectral emittance

at 0.65u.

It is possible, with considerable effort, to
determine the mean effective wavelength in

visual optical pyrometers considerably better

than ±0.01u (probably about 0.001_). How-

ever, in order to do this, the spectral transmit-

tanee of the filters in the optical pyrometer,

the relative visibility function of the observer

and the color tenlperature of the source are all

required. Instead of determining the visibil-

ity function of the observer, a difficult feat,

one can probably use a munber of observers

For a wavelength equal to 0.65_ and /=4000 ° C

the error in using the Wien equation is about 5 ° . At

3000 ° C and 0.65u the error is about 0.5%

The wavelength X' is called the mean effec-

tive wavelength of the optical pyrometer. The

accuracy required for X' when determining non-
blackbody temperatures depends on how rap-

idly ex' varies with wavelength. However, the

accuracy of the spectral emittance need be only

}_ to _5 the accuracy required in the tempera-

ture. For example, in the vicinity of the gold

point and at the wavelength of 0.65u an error

of 10% in the spectral enfittance results in an

error of only 0.65% in temperature. More

generally, using Wien's approximation and as-

suming that the usually small variation of spec-
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and assume their average is tile (:IE standard

visibility function (ref. 2). This should be ade-

quate because the standard deviation of the

mean effective wavelength resulting from differ-

ences in the visibility function of observers has

been reported (ref. 2) to be about 0.000_. If

the color temperature of the object is not avail-
able front the literature, it can be obtained

experimentally by determining the spectral

radiance of tile object over the spectral band-

pass of the pyrometer (approximately 0.62 to

0.75_). The desired color temperature is the

temperature of the blackbody whose spectral

radiance curve when multiplied by some con-

stant best fits the observed spectral radiance

curve of the source. The actual equations used
for calculating the mean effective wavelength

with the above data are rather lengthy and

will not be given here. The equations as well

as their derivations are available in the pre-

viously mentioned monograph (ref. 2).

Blackbodles

There are many substances for which the
spectral emittance at. 0.65** is not known or

not known sufficiently well to obtain an accurate

temperature. In this situation, a blackbody

must be built into the apparatus. A hollow

opaque body containing a small hole can be

made to approximate a blackbody extremely
well, and sources used as blackbodies are usually

of this type. In such bodies, the smaller the
area of the hole relative to the area of the walls

of the cavity, the higher the emittance or

blacker the body. For a particular geometry

the blackness of a hollow body also depends on

the refleetivity of the imler surface of the cavity

including how diffuse or specular it is. A

factor often neglected is that the walls of the

enclosure should have a uniform temperature.

Lack of a uniform temperature can result in a

large departure from blackbody conditions.
Details for designing blackbodies and for cal-

culating departures from an emittance of one

may be found in the literature (refs. 56 to 58).

Intercomparison of Optical Pyrometers

When several optical pyrometers are used

in a laboratory, they are often intercompared

by using a tungsten strip lamp as a transfer

source. These lamps are highly reproducible

sources of radiant energy (refs. 2, 59 and

60) and can be calibrated with respect to

[)rightness temperature from 800 ° to 2300 ° C

with an accuracy only slightly less than the

accuracy of r(_alizing the ITPS. In effect, the

tungsten strip lamps when used under well

defined condition._ (orientation, direction of

sighting, ambient temperature) serve as a

continuous set of fixed points from 800 ° to
2300 ° (: with a constancy of about 0.5 ° to 1.0 °.

One other point must be kept in mind when

intcrcomparing optical pyrometers with tung-

sten strip lamps. The brightness temperature

of a strip l_mq) is a function of wavelength,
and the mean effective wavelengths of com-

mercial optical pyrometers are sometimes dif-

ferent. Therefore, the brightness temperature

of a strip Lm_p as determined with two dif-
ferent pyrometers, even though accurately

calibrated, may be different. At 2200 ° C this

difference has been observed to be as high as

5 ° in (.ommcrcial optical pyrometers. At

100(} ° (_ it is usually less than 1°. For the

most accurate optical pyrometer intercom-

parisons wilh strip lamps, the mean effective

wavelengths of the pyrometers should be
obtained _md corrections made with the

equation (rof. 2)

1 (x'-x)/1 1\ 1
r' x (6)

where, again, T and T' are brightness tem-

peratures at wavelength X and )4, respectively,
and T ¢ is the color temperature of the tungsten

lamp.
Another very useful transfer or reference

source, that has hcconle available commercially

(Mole-llichardson (_ompany, Hollywood, ('ali-

fornia), is the pyrometric carbon arc. The

positive crater of an arc using pure graphite
electrodes and operated just below the so-called

arc OVeFloa(] current has a brightness tempera-

ture of about 3800 ° K (refs. 61 and 62), re-

producible to _d)out 15 ° K. With appropriate

absorbing gblss filters, such as those found in

optical pyr,,meters, a carbon arc could also be

used _it. brigblness temperatures lower than

3800 ° K. AI the apparent brightness tempera-

lure of 1001) ° K, the reproducibility of such an
arc would be _lbout 1°
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Recommendations for Using Optical Pyrometers

When higl_ accuracy is the primary con-

sideration in maintaining or making measure-

ments on the IPTS, a few procedures should

be emphasized. Both the small pyrometer

lamps in oprical pyrometers and tungsten strip

lamps change with use. Therefore, in order to

obtain high accuracy a laboratory should use

one calibrated strip lamp or optical pyrometer

infrequently and compare the strip lamps or

pyrometers used regularly to it. For optimum

results, the calibration of a visual optical

pyrometer should be checked about every 200
hours of use. Great care should be taken con-

cerning the orientation and alignment of the
strip lamps; and vacuum strip lamps, which are

generally more stable than gas-filled lamps

below brightness temperatures (0.65g) of about

1400 o C (ref. 2), should be used whenever possible.

For optimum precision and accuracy in the

use of optical pyrometers, laboratories should

request NBS to calibrate their pyrometers as

a function of pyrometer filament current.. The

laboratory should then use a standard resistor

and sufficiently accurate potentiometer to deter-

mine this current. A multiturn smooth-turning
rheostat is highly desirable for varying the

filament current while making brightness

matches. The precision of the matches can

often be improved by having the pyrometer

mounted rigidly in a comfortable position for
a sitting observer. A black cloth thrown over

the observer's head and part of the optical

pyrometer to shield the observer from any

distracting or annoying light is helpful. ()b-

servations should always be made from both a

dark and bright filament, to a match or dis-

appearance and the two results averaged. ]f

one or two individuals primarily use tim pyrom-

eter, make sure that their technique of match-

ing or their visibility functions do not give

results very different from the average of a
larger number (at least 5 or 6) of observers.

Blackbodies should be used whenever possible.

If blackbodies cannot be used and high ac-

curacy is require(l, the mean effective wave-

lengths of the pyrometers should be obtained.

Accuracy and Precision

The precision of visual optical pyrometers is

limited by the sensitivity of the human eye.

The precision possible by experienced observers

using a good instrument under ideal conditions
is shown in table 3-I.

The accuracy of brightness temperature

determinations with visual optical pyrometers

depends on the accuracy with which the IPTS
can be realized in the national standards

laboratories and how well a visual pyrometer
can be calibrated and used relative to this

scale. Brightness temperatures can be ob-
tained with an NBS calibrated, commercial,

visual pyrometer to about 3 ° at the gold point,
6 ° at 2000 ° C and 40 ° at 4000 ° C. Using

precisely determined current in the pyrometer

lamp as a measure of the brightness tempera-
ture the above uncertainties can often be

reduced. If one performs his own primary

calibration with a carefully designed and con-

structed pyrometer and with all tile precautions

taken at a national standards laboratory, it is

possible to approach the accuracy listed in
column 2 of table 3-1.

Photoelectric Optical Pyrometers

Serious efforts have been underway at a
number of national standards laboratories

(refs. 9 to 11) for the past five or six years to

replace the visual optical pyrometer with a

photoelectric optical pyrometer. Since a photo-

multiplier tube is more sensitive than the eye
and can discriminate between smaller differences

of radiance, errors in brightness matching and
the mean effective wavelength can be reduced

significantly. Photoelectric pyrometers de-

veloped in the standards laboratories have a

precision about, ten times greater than that

listed for visual pyrometers in table 3-I.

Little information is currently available on

their accuracy, relative to the IPTS. How-

ever, based on the work at NBS, the accuracy

realized in the near future is expected to be 2 or

3 times better than that of the visual pyrometer.

Photoelectric pyrometers are now available

commercially from the Instrument Develop-

ment Laboratories, Attleboro, Massachusetts;

the Leeds and Northrup ('ornpany, Philadel-

phia, Pennsylvania; and the Pyrometer Instru-

ment (_ompany, Bergenfield, New Jersey.

These instruments are reported to have sensi-

tivities varying from 0.5 ° to that comparable
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to the photoelectric pyrometers in the national

standards laboratories. Probably of greater
significance, in practice, is that these instru-

ments make brightness matt'hes aulomatieally
and therefore carl be used remotely or to control
a source of radiation as well as determine its

temperature or brightness temperature.

OTHER TYPE RADIATION THERMOMETERS

Two-Color Pyrometers

Attempts have been made to circumvent the
need for spectral emittan('e corrections when

determining temperatures with an optical

pyrometer by using a two-color pyrometer

(ref. 54). This instrument determines a two-

color temperature by measuring the ratio of

the spectral radiances at two wavelengths.
The two-color temperature is equal to the

temperature only if the spectral emittanees at

the two wavelengths are equal. Unfortunately,

spectral emittance usually changes with wave-

length. If the change is very small, the two-
color temperature will be (,lose to the actual

temperature. On the other hand, there are

materials tAg, Cu, Au) for which the spectral

emittanee changes with wavelength sufficiently
fast. that. the two color temperature differs a

factor of two or more from the actual tempera-

ture. A detailed analysis of whether a two-

color pyrometer or an optical pyroineter de-

termines a more accurate temperature is given
by Pyatt (ref. 63). Tire idea to t)e emphasized

is that a two-color pyrometer is not generally

more accurate than an optical pyrometer and

some information concerning spectral emit-
tances is needed before tile instrument can be

used with confidence. Furthernmre, two-color

pyrometers are inherently less sensitive than

optical (single color) p)xometers. For ex-

ample, when determining the temperature of a

blackbody at 2300 ° K with an optical pyrom-

eter, a change in tile spectral radiance at

0.66# of 1.2% would modify the resulting

temperature indication by 2 ° ('. Using a two-

color pyrometer a change of 1.2v_o in spectral

radiance at 0.66u and 1.0_c in the opposite

direction at. 0.56u would modify the tempera-

ture indication by 30 ° ('. Equation (7) is an

expression for the sensitivity of a two-color

pyrometer when using the Wien approximation

dT X,x=T d(N_l/Ar_2)

T -- ('2(M--X,) Nq/Na= (7)

]n general, two-color pyrometers are not

recommended for determining temperatures

accurately. However, there are applications
where one is more interested in the control

of temperature than in the measurement of

temperature. In such eases, two-color pyrom-
eters may t)e useful and a variety of such

instruments are now available commercially.

Three-Color Pyrometers

During lhe pits! few )'ears three-color pyrom-

eters (refs. 64 _o 65) have received increasing

attention and, at first glance, are very promising

as an instrument for obtaining the temperature

of an object without having knowledge of its

spectral emil(ante. This is true, however, only

if the spectral emittance of the object is exactly

linear wilh respect to wavelength. Proponent,s

of t.hree-('olor pyrometers claim that since many

materials appear to have an approximately linear
spectral emit(ante in the infrared, a three-color

infrared pyrometer will determine accurate tem-

t)eratures for these materials. However, what

they apparently do not realize is that a slight
departure from linearity will result in a large

temperature uncertainty. For example, if four
different sources of radiation possessed the

spectral emit(antes in figure 3-2 and the tem-
perat.ures indicated thereon, each would radiate

the same t),,tween 1.2 and 2.0u. Thus, one

could not distinguish between any of these
temperatures by spectral radiance measure-

ments alone, and a three-color pyometer op-

erating in this spectral region would indicate a

temperalure of 2000 ° K for all four sources

represented by the curves in figure 3-2. Only

in the case for which the spectral emittance

curve was linear, would this be the correct

temperature. A nonlinearity¢ in spectral emit-

lance of lC_o would result in a 42 ° error and a

5% nonlim,arit.v in a 200 ° error. The accuracy

of the best available spectral emittance data

probal)ly falls in this range of 1 to 50-/0. More-

over, to t}w b,,st of our knowledge, there is no

7 Nonlinearity in figure 3-2 is defned as the percent

deviation of the spectral emittance at 1.6u from the

spectra] (,mittauee calculated at 1.6,_ for each curve by

a linear int(,rl_olation between 1.2 and 2.0_.
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FIf_URE 3-2.--Spectral emittance curves and tempera-

tures for four radiation sources which have the same

spectral radiance as a function of wavelength from

1.2 to 2.0 _. A three-color pyrometer operating

in this spectral region would indicate a temperature

of 2000 ° K for each of these sotlrces.

theoretical basis for the spectral emittance to

be exactly linear. On the other hand when

using an optical pyrometer, an error in the

spectral emittance at, 0.65g and 2000 ° K of 1 to

5% would result in a temperature error of only

1.8 ° to 9 °. As a result of the very demanding

requirement on spectral emittance linearity,
three-color pyrometers are not recommended

for (radiation) temperature measurements. To

the best. of our knowledge, as of 1962, there
are no three-color pyrometers available

commercially.

Total-Radiation Pyrometers

Total radiation pyrometers are also not very

suitable for accurate temperature measure-
ments. Of course, knowledge of an effective

emittance for a broad band of wavelengths is
necessary, and tiffs must be known more ac-

curately than the spectral einittance for an

optical pyrometer. As an example, the total

radiance of a blackbody is proportional to the

fourth power of temperature while the spectral

radiance, say at 0.65tt and 2000° K is propor-

tional to the eleventh power of temperature.

In general, the broader the wavelength band of

a radiation pyrometer, the greater the problems

for determining accurate temperatures. In

addition, many of the total-radiation pyrom-
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cters require larger targets than optical pyrom-
eters. On the other hand, total-radiation

pyrometers can be used to much lower tempera-
tures (ref. 66) and are probably the least ex-

pensive radiation pyrometers which have an

electrical output suitable for automatic control

purposes. Thus they, as the two-color pyrom-
eters, should be considered where control rather

than a temperature deternfination is the pri-

mary objective. For those interested in

total-radiation pyrometers, a recent book

on this subject by Harrison (ref. 67) is
recommended.

SUMMARY

Temperature measurements are normally
made on the International Practical Tempera-

lure Scale and reported in degrees Celsius, i.e.,

° (_, (Int. 1948) or in degrees Kelvin, i.e., o K

(Int. 1948). The latter temperatures are ob-

tained by adding 273.15 ° to the IPTS Oelsius
values. Differences between the IPTS when

reported in degrees Kelvin and the Thermody-

namic Kelvin Temperature Scale above 900 ° K

are usually less than errors in determining the

temperature in practice on the ]PTS.

Thermocouples are very reliable for making

accurate temperature determinations up to at
least 1300 ° C. The use of platinum vs plati-

num-10tTo and -13¢7o rhodium thermocouples

is recommended in this range when the ultimate

in precision and accuracy is desired. From

1300 ° (? to about 1800 ° O, tbermocoup]es are
less reliable due to calibration uncertainties and
to increased effects of chemical contamination.

In this range thermocouples with a platinum-

rhodium alloy in both legs are recommended.

Above 1800 ° (: all the previously mentioned

dif_culties increase and in addition there are no

completely satisfactory materials for protection

and electrical insulation. Thus, in practice,

accurate temperature determinations are very

difficult. At present (1962) the more promising

thermocouples for use above 1800 ° C, are tung-

sten vs tungsten-26% rhenium and iridium vs

rhodium-40% iridium.

For the determination of temperature of solids

hy radiation thermometry, an optical (single-

color) pyrometer is recommended. For the

most accurate temperature determinations a
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blackbody and a number of observers (with a

visual pyrometer) should be used. if a black-

body cannot be incorporated in the setup, the

spectral emittance of the object at the mean

effective wa_:elength of the pyrometer is re-

quired. Finally, the calibration of the optical

pyrometer should be checked about every 200

hours of use An infrequently used optical

pyrometer or an infrequently used vacuum strip
btmp is recomm(,n(ted for this check.
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DISCUSSION

QUESTION: Do you know if any work is being done

on the determination of fixed points above 1500 ° C?

KOSTKOWSKI: A considerable amount of such work

_¢as done many years ago and can be found in the

literature. I am not aware of any recent publications

in this field, though I understand that work on such

fixed points is being planned in Dr. Franklin's Division

at National Bureau of Standards. In addition, I

would like to emphasize that a calibrated tungsten

strip lamp can be used as an accurate reproducible

fixed point of spectral radiance at 0.65 micron from

800 ° to 2300 _ C. Similarly, the positive crater of an

arc with pure graphite electrodes, which is now available

commercially, can be used as such a fixed point at

3527 ° C.
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4--THERMAL RADIATION PROPERTIES

SOLIDS AT LOW TEMPERATURES

BY ROBERT J. CORRUCCINI

NATIONAL BUREAU OF STANDARDS. BOULDER, COLORADO

OF

This paper provides introductory remarks for the symposium session on thermal ra-
diation properties of solids in the range 0_-200 ° K. A qualitative description is given of
that part of the theory that is unique to low temperatures, after which experimental methods
appropriate to low temperatures and present applications of low temperature data are
sketched.

This subject has its origins in the invention
of the Dewar vessel before the turn of the

century. The importance of the silvering in

minimizing the exchange of radiant heat

across the vacuum barrier was fully appreciated,
and the comparative merits of various refective

coatings were known at an early date.
A theory of the reflective behavior of metals

existed from almost the same period. This

was the free-electron theory of Drude, ac-

cording to which the electron fluid is accelerated

by the electric field of the radiation with

negligible phase lag and is damped by collisions

with the lattice. At long wavelengths, i.e.

such that the frequency of the radiation is
much less than the mean collision rate of an

electron in the metal, the familiar Hagen-
Rubens formula results (ref. 1),

A --=1-R _ 2 (v/ao 1/_)

in which a0 is the d-c electrical conductivity

in esu, and A and R are the normal spectral
absorptivity and reflectivity, respectively, at

frequency v. This formula ought to apply in

the far infrared, the wavelength region oc-

cupied by thermal radiation from sources

well below ambient temperature.
It also became known in some of the earliest

experiments performed at the temperatures

of liquid hydrogen (20 ° K) and helium (4 ° K)

that the electrical conductivities of some

metals increase by as much as two decades

over the room temperature values. (This

increase has since been pushed to as much

as four decades with modern metal purification

techniques.) The fact that the Hagen-Rubens

relation predicts corresponding large decreases

in the absorptivity at these low temperatures
does not seem to have excited much interest

in this early period.

Modern interest may be said to have origi-

nated with an observation by H. London (ref.
2) in 1940 that the microwave resistivity of tin

at low temperatures was much higher than the

d-c resistivity. London attributed this to the

mean free path of the conduction electrons

becoming large at low temperatures compared

to the depth of penetration of the electro-

magnetic wave. As a consequence, the micro-

wave absorption is determined mainly by the

scattering of the electrons by the surface of the

metal rather than in the body of the metal, i.e.,
the bulk resistivity no longer controls the

absorptivity. This was the first recognition of
the anomalous skin effect, a uniquely low

temperature phenomenon. It was subsequently

explored at microwave frequencies by Pippard

and by Chambers (ref. 3) and in the infrared

by Ramanathan (ref. 4) and Biondi (ref. 5).

In this same period a theory was developed and

refined (ref. 6 to 10). The magnitude of the

33
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effect may be illustrated by pointing out that,

whereas for a high-purity copper having a

conductivity near absolute zero one thousand

times as great, as its conductivity at room

temperature, the classical absorptivity at a

wavelength of a few microns is of the order of

10 -_, the value calculated from anomalous skin

effect theory and the best experimental results

are both several hundred times greater. _

The theory of the anomalous skin effect con-
tains a parameter to take into account the
nature of the reflection of electrons at the

surface, i.e. whether specular, diffuse, or inter-

mediate. Comparison with experiment has

overwhelmingly favored the assumption of

diffuse reflection of electrons, and Pippard has

commented (ref. 15) "The assumption of

specular reflection of electrons . . . is indeed

theoretically improbable, for irregularities on

an atomic scale are sufficient to cause large-

angle diffraction of the de Broglie waves".
Nevertheless a recent experiment of a new kind

by Rayne (ref. 16) has suggested the opposite
conclusion and has injected new uncertainty

into this question.

The theory has been extended by Holstein

to include the effects of electron scattering by
a phonon-generating process (ref. 17) and by

Motulevich, Gurzhi, and others to include

electron-electron scattering (ref. 18). Also we

may note that optical absorption at low tem-

peratures is a useful tool for investigating elec-

tronic band structure in metals and alloys (ref.

19).

The above theoretical developments have

provided a stimulus to experimentation which
has been supplemented in the past decade by

the rapid growth of cryogenic technology and
particularly by the advent of large-scale uses

of liquid hydrogen. Hydrogen has a low heat

of vaporization. Consequently if the liquid is

to be retained, the use of highly efficient ther-

n,al insulation is indicated. The first large

vessels for liquid hydrogen were metallic De-

We may note in passing that the optical and near-

infrared absorption by a superconductor is indistinguish-

able experimentally from that of the same metal in the

normal state at the same temperature (refs. 4 and 11

to 13) inasmuch as the energies of the incident photons

greatly exceed the energy gap between the super-

conducting and normal states (ref. 14).

wars with intermediate radiation shields cooled

by liquid nitrogen. The total hemispherical

absorptances of many technical surfaces for

room temperature radiation were measured in

order to provide data for the engineering of

such vessels (ref. 20 to 23). Most of these

measurements were made at the boiling point of
nitrogen (TS ° K) because of experimental diffi-

culties in working at the boiling point of

twdrogen.

_'ith the more recent development of im-

proved bulk insulations, the low temperature
radiation properties declined in interest for a

time, but now with the growth of space tech-
nology come new problems which again involve

them, for exa,,ple, the possible use in space of

uninsulated tan ks for liquid oxygen or hydrogen,
radiative heat balance of vehicles in the cold,

outer reaches of the solar system, and radiation

absorptances of the condensing surfaces of

cryoptm) ps.
Let me now indicate the measurement tech-

niques that have been used at low temperatures.

The most complete description of the optical

properties in terms of classical electromagnetic

theory is obtained by determining the refractive
index and the extinction coefficient as a function

of frequency and temperature. (The normal

reflectivity and absorptivity can be readily cal-

culated from these parameters but tile reverse

is not true.) These quantities can be calculated

from the changes on reflection of the amplitudes

and phase of radiation coInponents for which

the electric vector is parallel and perpendicular,

respectively, to tile plane of incidence (ref. 1).

Various low temperature measurements of this

kind have been described (ref. 24 to 27).
For studies of the anomalous skin effect or

of electronic band structure direct measurement

of normal spt_ctral absorptivity is sufficient.

A calorimetric technique is used in which the

temperature rise of the specimen is measured

by a sensitive thermometer (ref. 4, 5, and 16).

The power absorption is determined by reestab-

lishing the same temperature rise by a calibrated
electric heater in the absence of radiation.

Ahnost all measurements of this or the pre-

ceding kind have been made at wavelengths

shorter lhan ] 5u.
Eadialive heat transfer across the vacuum

barrier of a l)ewar depends upon the total
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hemispherical emittance of each surface and

its absorptance for tile spectrum of radiation

being received from the other. In cryogenic

applications the temperature difference between

the two surfaces is usually large, and hence,

only the emittance of the warmer surface and

the absorptance of the colder surface are

important. The latter is readily measured

calorimetrically in an apparatus simulating a
Dewar in which nonradiative heat transfer has

been made negligible by careful design and in

which the warmer surface (the enclosing one)

is either black, or very large, or both black and

large (ref. 20 to 22). From volumetric measure-

ment of the rate of evaporation of the cryogenic

liquid in the Dewar and knowledge of the heat

of vaporization and the area, the desired

absorptance can be calculated. Such absorp-

tances have often been loosely referred to as

emissivities. In order to compute them from

the experimental data for nonplanar con-

figurations it is necessary to know whether the

reflections of the radiation are specular or

diffuse. In general, this is not known; the
assumption made depends on the author's

taste, and consequently the results are to some

extent arbitrary. Unfortunately, measure-

ments of this type which yield total hemispheri-

cal properties at a fixed temperature are of

little interpretive value.
Few measurements have been made of

emittances of surfaces at cryogenic tempera-
tures and most of the absorptance measure-

ments have been made with room temperature

radiation, 75% of the energy of which is at

wavelengths shorter than 20 microns. (Weber

has proposed a spectrophotometric technique

for measuring the infrared spectral emittance

at low temperatures in references 28 and 29

but apparently did not put it to experimental
test. A calorimetric method for total emit-

tance is described by R. P. Caren in paper 6.)

Thus, little is known of the behavior at longer

wavelengths. A remarkable exception is a

measurement by Hulburt and Jones (ref. 30)

of the (approximately) normal absorptance of

a graphite coating at 3.7 ° K for radiation from

a source at 9 ° to 17 ° K. A superconducting

bolometer having a sensitivity of 3X10 -_2

watt was used. For such radiation, lying

mostly at wavelengths between 0.1 and 1 ram,

the absorptance of the carbon was only 2 to 4%.

Finally, there may be mentioned direct

measurement of the parameter a,/_ that de-
termines the rediative heat balance and hence

the temperatures of objects exposed to solar

radiation in space. Here a, is the normal

absorptance for solar radiation and _ is the

total hemispherical emittance of the surface at

its own equilibrium temperature. Measure-

ment of the equilibrium temperature of a

sample surface which is exposed to an appro-

priate flux from an arc source while itself

radiating thermally to a cryogenic sink suffices
to determine this ratio (ref. 31). Such an

experiment, if carried out at cryogenic tempera-

tures, would simulate the radiative heat

balance of an object in space beyond the orbit
of Mars, since it is only at such distances from

the sun that cryogenic surface temperatures

are possible for an unshaded object.

In all of the foregoing experimental tech-

niques the condition of the surface is an ex-

tremely important parameter. While it is

obvious enough that metallic surfaces for

optical experiments should be clean, it has
not always been appreciated that mechanical

polishing of a metal to achieve a visually

bright surface may cold-work and hence

increase the resistivity of a thin but critically

important surface layer. In order to realize
the characteristics of the bulk metal and to

achieve minimum absorptivity in the infrared,
such distorted surface material must be re-

moved by nonmechanical methods such as

etching or electropolishing.

What experimental difficulties in the fore-

going methods are unique to cryogenic teln-

peratures? Two kinds come to mind: (1) Low

emissivity surfaces may become fouled by

condensation of vapors such as water, out-

gassed from warm regions of the apparatus.
At the lowest temperatures even desorbed air

or hydrogen outgassed from metals may cause

such fouling. Maintenance of a clean system

and a high vacuum (say 10 -_ mm Hg or better)

is necessary to prevent this. (2) In calori-

metric methods, extraneous heat leaks via

supporting members, thermocouple wires, res-

idual gas, etc. nmst be made small relative to
the radiation heat transfer to be measured.

This is more difficult at cryogenic temperatures
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than elsewhere because, while the thermal

conductivities of alloys, plastics, glassy materi-

als, and gases all decrease as the temperature

decreases (ref. 32 and 33), thermal radiation

decreases much more rapidly. In fact, the

thermal conductivities of pure metals increase

with decreasing temperature until they reach

maxima at various low temperatures (ref. 33).

Thus, for example, it is especially difficult to

suppress heat conduction if there are electrical

leads or thermocouple wires of copper. More

detailed consideration of problems of this kind
can be found in recent books on experimental

techniques at cryogenic temperatures

fief. 32-35).

While we have been concerned up to this

point with surface properties, it is worth noting
that the infrared transmission of certain non-

metallic powders and fibers used in cryogenic

bulk insulations is of considerable practical

importance inasmuch as a substantial portion

of the heat transfer through such materials is

by means of thermal radiation. Examples of

such materials are silica aerogel, perlite, and

glass fiber. Analysis of the transmission of

radiation is complicated by its dependence on

particle or fiber size. This subject has been

in detail by Cline and Kropschotreviewed

fief. 36).
In the

described,

mainly to

areas of research that have been

our present knowledge is confined

the visible and near infrared regions
out to l0 or 15 _. The far infrared has been

avoided for various reasons such as experi-

mental dilliculty, the relative insignificance in

most practical situations of radiative heat

transfer in this region, and the assumption

from classical theory that the reflectivities of
metals are devoid of unusual features in this

region. Nevertheless, the mere fact that it

represents a relatively unknown reahn should

attract a few hardy explorers. It is to be

hoped that they will be rewarded with some
interesting dis,:overies.
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5mSPACE CHAMBER EMITTANCE MEASUREMENTS

BY C. P. BUTLER AND R. J. JENKINS

U.S. NAVAL RADIOLOGICAL DEFENSE LABORATORY, SAN FRANCISCO, CALIFORNIA

A method for evaluating the total effective era|trance of an evacuated space chamber,

without recourse to optical techniques, is described. The chamber emittanee can be eval-

uated /rom tim temperature decay and heat capacity of a blackened disk of pure metal

suspended by fin(, wires in the center of a hollow walled chamber cooled by liquid nitrogen.

Strutters admit a beam of radiant energy from an image furnace to heat the disc. Experi-

mental results are given for _ black space chamber in which materials may be tested from

+200 ° C to -- 140 ° C.

Consitlenlble attention is being focused oil

the simulation of cm_ditions in outer space by

means of temperature-controlled, ewlcuated

chambers. The objective of these designs is
to provide means for measuring the behavior

of spacecraft materials under the conditions

encountered outside the earth's atmosphere.
One of the most important considerations in

simulating the space environment is the prob-
lem associated with the thermal balance be-

tween the object and the walls of the chamber.

Since the pressures are kept very low, the sole

method of heat transfer is by thermal radiation.

In space within the solar system, the respective

wavelengths '_t which this energy is absorbed

and rera(liated wtry widely. The wavelength

of maximum radiation at 300 ° K, for example,
is approximately 20 times that of the sun.

Chamber walls must be at very low tempera-
tures an({ have an emittance of 1.0 from at.

least 0.3 to 100 microns to simulate the thermal

radiation environment in space. Over this

wavelength range, very little is known about

black coatings which can be applied to metal
surfaces.

Engineering practices have reached a stage
where large chambers can be maintained at

the low pressures and temperatures corre-

sponding to conditions well above the earth's

atmosphere. Less well known is how to simu-

late the emittance of space on the inner surface

of the chambers. While paints and metal dyes

are awdlable which appear black, there remains

the question of the effective chamber emittance
at low temperatures, e.g., when surrounded

with liquid nitrogen. If the wall of a space

chamber is really black at 77 ° K, and test

specimens are cooled to near this temperature,

appreciable energy transfer takes place at wave-

lengths of 100 microns or more, well beyond

the range of conventional spectrometers. Esti-
mates of era|trance based on measurements

at shorter wavelengths are always open t.o

question.

Since the reflectance of space is zero, any

departure from a perfectly bhtck-walled chamber
introduces reflections which are difficult to as-

sess, especially when low-temperature optical

properties tire required.
Three conditions for optimizing the effective

era|trance of a space chamber are: first, to

make the chamber large in comparison to the

size of the object under test; second, to in-

corporate geometrical wall forms to increase the
number of reflections; and, third, to coat the

inner walls of the chamber with a high emittance
material. These three conditions taken to-

gether determine the effective era|trance of the
chamber. This paper describes how the emit-

tance of a space simulating chamber such as
this can be measured without recourse t,o con-

ventional optical techniques. The method
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shows that the emittance of the chamber _s a

whole can be found from the temperature

decay and heat capacity of a pure metal.

THEORY

For the measurement of the total hemi-

spherical emittance of materials, consider an

evacuated space simulating chamber with walls

at a uniform temperature To, and a specimen at

a temperature T_(T_<T_) suspended by fine

thermocouple wires near the center of the cham-

ber. if the thermal conductivity of the speci-

men is high enough so that there is no internal

temperature gradient and if the thermal con-

ductance of the residual gases and of the ther-

mocouple wires is negligible, then the rate of

temperature decay T is given by

T= _*Aa(T'4-T2) (1)
mc

where A is the total radiating area of the speci

men, a the Stefan Boltzmann constant, m the

mass of the specimen, c its specific heat capacity

at T,, and ¢* is the measured effective emittance

of the specimen.

t* is a complicated function of the actual
emittance of the sample surface, _,, and of the

effective emittance of the chamber, ,¢, where ,_

includes the effect of tile chamber geometry as
well as the emittance of each increment of wall

surface. Then t* is

,*=J(_,,,_) (2)

This function must include the changes in the

spectral emittance and reflectance of the sample

as it cools and is only solvable exactly in the

special case where ec----1 and T_* is negligible with

respect to T, 4.

From the definition of emittance, namely the

ratio of the energy radiated from the surface to

that radiated from a Planckian blackbody at

the same temperature, it follows that if e* is
measured and found to be 1.O,.f (,_, ,,) must be

of such a form that e_=_,=l.O. Furthermore,

if ,* is found to be less than 1.0, then, at least

for grey bodies, ,_ and e,_e*. In the latter case,

only minimum values can be given for e, and _.

Experimentally, then, if a black specimen is

suspended in a chamber with walls at a tem-
perature lower than that of the specimen and

_* is calculated to be 1.0, from the measured

parameters,

Trnc

e*-Aa(T,,_T2) (3)

then the chamber is optically black to speci-

mens at this temperature and may be used to

simulate space. If _* is not equal to 1.0, the

chamber may or may not be black, and further

considerations are necessary.
Consider a chamber which has an effective

number of internal reflections (N) before the

energy is reflected back to the specimen and

whose walls have a particular hemispherical

emittance _. To the approximation that the
walls can be considered grey, i.e., that the emit-

tance is independent of the wavelength, the

fraction of the radiated energy reflected back

upon the specimen in such a chamber is (1 _,_)N
and the effective emittance of the chamber is

then 1-- (1 --_)'_'. Consider a specimen with a

surface identical to the wall surface suspended
in the chamber so that e,=,, and T,_>>T_ _.

Since e* is a minimum value for e, and _, it
is clear that

_0->_1-(1-,*)" (4)

If the chamber is large compared to the dimen-

sions of the specimen, it is not difficult to make

N equal to at least 3 for example. If the meas-
ured value of _* can be made as high as 0.90,

then _c: l- (1--0.9)8=0.999. The emittance

of the chamber is proven equal to that of a

space environment and _x----_*.

EXPERIMENTAL DESIGN

A schematic drawing of the space simulating

chamber designed for this work is shown in

Figure 5-1.
A disk of pure metal, about 2 cm in diameter

and 1 mm thick, is suspended in a chamber, one
end of which terminates in a cone while the

other is closed by a shutter whose inner face is

grooved. The disk is blackened after the ther-

mocouple wires, each 0.005 inch in diameter, are

peened into 6-rail holes drilled in the edge of the

disk. These wires pass out through three in-

sulated holes in the chamber to spring-loaded

clips which facilitate centering the disk in the

center of t_he chamber.
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FmURE 5---1.--Schematic drawing of the space simulating chamber.
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Because of the experimental difficulties in-

volved, the chamber and the disk were not
coated with the same material. Platinum black

was used for the disk, because it was believed to

be black over a wide wavelength range, its mass

is negligible in relation to the mass of the disk,

and it can be readily formed on small disks of

copper and silver. It is considerably more diffi-

cult to form on large irregular surfaces, so that

the inner walls of the chamber were coated with

Parson's black lacquer. Each layer of lacquer

was baked in air at 160 ° C for several hours

before assembly.

The chamber is cooled by liquid nitrogen

added through a stainless steel filling tube

held in the outer chamber by an O-ring seal.

Both the chamber and the shutter are made

from oxygen-free high-conductivity copper for

uniformity of the wall temperature. Not

shown in the diagram is a covered channel

of copper into which the shutter fits when closed

so that it will be at the same temperature as

the rest of the chamber. A thermocouple

is attached to the shutter so that its temperature

can be monitored during the runs. It was

found to be at the wall temperature, even

when the temperature of the radiating disk

was as high as 500 ° K. The outside of the

walls of the chamber and the outside of the

shutter were polished bright, i.e., to give a low

emittance, so that minimum heat transfer
occurs to the outer chamber. For the same

reason stainless steel was used for the filling

tube to minimize heat transfer to the nitrogen.

In practice, it was found that the nitrogen con-

sumption was less than _ liter an hour after
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the inner chamber was cooled. The outer

chamber remains at ambient temperature.

The specimen is heated by the radiation

from an arc image furnace. The furnace is a

Brankert projector, employing a (3-rain positive
and an 8-IIlIU negative copper-coated cored

carbon to form a "blown" arc. The arc oper-

ates at 70 amperes and 40 volts. This is an

arc whose tail flame is spread more or less

uniformly hack onto the crater of the positive

carbon crater by ineans of a strong magnetic

field. A copper aperature, 4 inches in diameter

was made to cover the outer portion of the

elliptical mirror, thus providing an irradianee

of 0.90 cal em -2 see -_, which was sufficient to

heat any specimen so far tested to 500 ° K.

Stopping the aperture has the further advantage

of increasing the f/ratio to 8, which is much
easier to handle than lower values.

The are radiation is admitted to the first

chamber through a quartz window and to the

second chamber by opening the copper shutter

manually through a vacuum flange fitting in
the outer chamber. There is no window in the

inner chamber. When the temperature of the

specimen has reached a given level, the arc

radiation is cut off by a shutter not shown on

the drawing, then the inner copper shutter is

closedt and the disk allowed to cool.

The temperature of the disk is measured by

a pre-amplifier digital voltmeter combination

(Hewlett-I'ackard 412A preamplifier, 425CR

digital voltmeter) with an overall accuracy

measured to be better than 1%. Readings

are printed out on a digital printer at intervals

selected by the digital counter controller acting

as a digital oh)ok. The line frequency was

used as a standard, and the timing error is

completely negligible over the long time inter-

vals used. The slope of the temperature-time

change curve is obtained by subtracting the
temperature at une time from that at an earlier

time. Since the subtraction of two nearly

equal numbers is a.n inherently inaccurate proc-

ess, it is necessary to use tinle intervals as

long as several tmndred seconds at the lower

temperature ranges to obtain acceptably ac-

curate slopes. Several readings of slope are

taken a! each temperature to reduce the error

of =k 1 in the last place common to all digital
vol trn eters.

RESULTS

The results obtained by recording cooling

curves on platinum blacked disks of copper

and silver are shown in figure 5-2. The varia-

tions around the value of 1.00 are believed due

to experimental deviations in the temperature

decay curves.
After is was shown that the chamber was

black, a copper disk was coated with Parson's

black and its emittance measured. It was

1.1
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FIGVaE 5-2.--Data obtained on platinum blacked disks of copper and silver.
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found to be less than 0.90. Since the data

shown in figure 5-2 proves that _c for this

chamber is 1.0, then there must be several in-

ternal reflections in the chamber, so that % by

equation (4) is again 1.0. This confirms the

original design considerations for achieving a
black chamber.

It was also shown that platinum black is
black to at least -- 140 ° C.

CONCLUSIONS

The techniques reported here are capable of

demonstrating that a chamber is optically

black over a wide temperature range without

recourse to optical measurements. The same

techniques can be used on any space-simulating

chamber, although care must be used when

extrapolations to chambers of other shapes
and sizes are made.

DISCUSSION

Z[ssls, Institute for Defense Analyses: It seems that

if you are using the multiple reflection method in the

chamber to give a high emissivity, instead of Parson's

black, you might want to use a black paint whose

reflectance would be specular. Parson's black is

rather diffuse even for the little bit of reflectance it has.

There is a paint, Sicon black, which is an enamel that

has a measurcd emissivity of about 0.93 and the 6

or 7% reflectance is highly specular. If this is really

a major contributor to giving you the emissivity of one

then this should help you attain it even more precisely.

I_UTLER: Thank you, I did not know about that paint.

GORDON, Radio Corporation of America: I would

like to know how you measure the intensity of the

solar flux on the sample? ttow do you know it is 1

calorie?

BUTLER: IIOW do we know the beam irradiance or

the solar flux? The standard receivers for measuring

the irradiance of the arc arc either gold or silver disks

coated with platinum black. The use of two standards

with different decay rates provides a double check.

We rely on the published values of specific heat as a

function of temperature for these standards. [

don't think I need to go through the equation; you

understand that. The whole question is, can you

make a piece of polished metal optically black over a

wide wavelength range. I hope you recognize that

the data we are reporting peaks at approximately

15 microns. We are confident that platinum black is

indeed black to well beyond this wavelength, including

the visible spectrum.

LINCH, AVCO: I see that you are the first author to

mention the fact that we need to know the specific

heat as a function of temperature in the heat exchange

equation. Some of the previous papers seem to regard

this as a constant, and this may not be universally

true, especially at very low temperatures. I wonder

if you would give us your comments on this fact.

BUTLER: Yes, I am glad you asked that question.

We get the specific heat as a function of temperature

from the American Institute of Physics Handbook for

the pure metals. Someone asked about coatings. We

cannot determine the emittance of any coasting unless

we know the specific heat of the button as a function

of temperature. We ask contractors to supply their

coatings on a substrate like Armco iron or a pure metal.

In the Metals ttandbook, there is an abundance of

data on Armco iron. Someone asked about Inconel.

It is difficult to use a material like this because we do

not have good specific heat values. You cannot use

data from the ASME Handbook on Metals Properties.

For example, all aluminum alloys are given a single

value of 0.23. This is adequate for a rough value, but

we must know the specific heat as a function of tempera-

ture. That is why we use pure metals for calibration

standards and prefer them for substrates for coatings.

GORDON: I would like to comment on that last

question by mentioning a technique which we haven't

actually tried, but which appears workable. Take a

sample, run through and measure the rate of change of

temperature. After that determination, coat it with

something like Parson's black with a known emissivity.

Then, determine the specific heat with a second run and
from the first run determine the emittance.

BUTLER: Yes, this is fine, the only difficulty is that

Parson's black is not good above 100 ° or 200 ° . You

always get into difficulty with this problem. We do,

however, have another technique at our laboratory in

which we use a xenon flash lamp to determine the

specific heat of thin samples over a very wide tem-

perature range. This requires a knowledge of the

absorptivity for the radiation from the flash lamp and

has not been fully exploited as yet. There is one thing

we neglect in all coatings work; we neglect the specific

heat of the coating. I do not know how you measure

this, particularly when coatings are very thin. But

when the mass of the coating is, for example, 1% of

the mass of the specimen, we neglect it.

CORRU(:CINI, NBS: This can be risky with organic

coatings because they have largc specific heats at low

temperatures compared to metals or alloys. Thus,

to get the best results one may need to account for them

even though they are thin.
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BY R. P. CAREN

LOCKHEED MISSILES & SPACE COMPANY, PALO ALTO, CALIFORNIA

In the past a few measurements (ref. 1, 2)
have been made of the emissivities of materials

at low temperatures. The measurements have

been made at a few fixed temperatures, usually

77 ° K, and almost no measurements exist below
77 ° K. The present apparatus has been

designed so that measurements can be made

from a temperature as high as 300 ° K down to
20 ° K. The measurements are made calori-

metrically by measuring the temperature decay

of the sample during given time intervals. In

these measurements the specific heat, mass,

and surface area of the sample must be known in

order to compute the emissivity. There are

several important design features that must be

incorporated into the apparatus. First, the

sample must be almost totally thermally

isolated from its surroundings. Second, the

sample should have a very high ratio of surface

area to heat capacity. Third, provision must

be made for accurately monitoring the tempera-

ture of the sample in a manner compatible with
the second provision.

APPARATUS DESIGN PRINCIPLES

Radiation from the sample-chamber walls to

the sample and reflection of sample radiation

back to the sample by the sample chamber is

prevented by surrounding the sample by gold

black walls at liquid helium temperature (4.2 °

K). The liquid helium temperature walls of

the chamber also act as cryopumping surfaces
which keep the sample chamber pressure below

10 -I° mm Hg, thus reducing residual thermal

conduction. To monitor the sample tempera-

ture, the thermometry is placed in a copper

block which is connected to the sample by

means of a gold 2.1 atomic % cobalt vs con-

stantan thermocouple. A gold cobalt vs con-
stantan thermocouple is used because it has a

high thermoelectric output below 100 ° K,
and both elements have low thermal con-

ductivity at low temperatures. The amplified

output of this thermocouple is used to drive

electronic circuitry which controls the copper

block temperature by varying the current

through a heater mounted in the block. The
sample and the copper block are maintained to

within about 10 -3° K of one another by means
of this electronic circuit. This 10 -30 K tem-

perature control allows the sample temperature

to be known accurately from measurement of

the copper block temperature. Maintaining
the block and sample temperature to within
10 -s° K of one another also minimizes thermal

conduction from the block to the sample via

the differential thermocouple.

APPARATUS

The basic cryostat system is shown in figure

6-1. The sample chamber (1) is surrounded

by liquid helium in the space (2). To mini-

mize liquid helium boil-off, the liquid helium

is contained in a superinsulated dewar (3) whose
outer wall is in a liquid nitrogen bath (4).

To further reduce liquid helium boil-off, a heat

exchanger (6) consisting of "copper wool" is

placed in the neck of the helium dewar. This

heat exchanger uses the helium gas which boils
off to cool the neck of the dewar, thus inter-

cepting the heat energy conducted down the
neck of the helium dewar and the sample

chamber support tube (7). The sample assem-

bly is supported by nylon studs which are

screwed into copper rods (9) fastened to the

sample chamber. The copper plate (10) acts
both as a cryopumping surface for molecules

coming down the support tube and as a radia-

tion shield for radiation coming from the higher

temperature regions up the support tube.

45
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_..._

TO HIGH VACUUM

SYSTEM

10

(I) Sample container
(2) Liquid helium sp_ce
(3) Super-insulated dewar
(4) Liquid nHrogen space

(5) Dewar
(6) Heat exchanger
(7) Support tube
(8) Nylon studs
(9) Copper pOSts

(lO_ Copper plate
(11) Copper plate
(12) Copper block

(13! Germanium resistance
thermometer

(14) Safnple
{15! Differential thermocouple
(16i Rodlatlonshieid
(17) Radiation shield
(18) Hermetic seal

FXGUI_._ 6-1.--Cryostat system.

The copper plate (ll) acts as a support for

the copper block (12) and the Honeywell

Series I] germanium resistance thermometer

which is used to monitor the block tempera-

ture in the temperature range from 100 ° K

to 10 ° K. For temperatures above 100 ° K, a

copper vs constantan thermocouple is used to

inonitor the block temperature. The sample
(14) is suspended by tile 3-rail gold cobalt vs

constantan differential thermocouple (15).
This thermocouple is wrapped around two

glass fibers .rid surrounded by a radiation shield

(J6) which is fastened to the copper block. The

walls of the sumple chamber plus the copper

plate (17) form the sample chamber proper.

The walls of the sample chamber proper are
coated with gold black to minimize the reflec-

tance of radiation from the sample. The

resistance thermometer, differential thermo-

couple, thermocouple, and heater leads are

brought out of the vacuum space through the

multiterminal hermetic seal (18).

To eliminate conduction from the higher

temperature regions to the block-sample sys-

tem, the leads are placed in thermal contact

with the copper rods (9) by wrapping them

around the rods and coating them with glyptal.

The differenti.d thermocouple leads are further

placed in thermal contact with the copper

block, thus placing the block junction of this
therlnocouple at the block temperature. Since

the leads arc placed in contact with the helium

bath via the copper rods (9) before their contact

with the copper black, they act as a 10 -2 to 10 -_
watt heat leak.

The normal state of the system is for the

copper block to cool to the helium temper-
ature. The he_tter coil is then used to drive

the block (o higher temperatures. This system,

therefore, can be used to control the block

tcmper_ttnre. The time constant of this ther-

mal sy,_tem is much less than the decay

time constant of the sample. Thus, the block
system can be controlled to the sample tempera-

ture. The h_ater control system is similar to

that used by West et al. (ref. 3) for their adia-

batic calorimetry work. In the present system

the output of the differential thermocouple is
fed into _t Keithley Model 149 millimicrovolt-
meter which is used to drive a Leeds and North-

rup AZAI{-t] recorder and a transistorized cur-

rent controller which is used to regulate the

heater current. The minimum dE/dT for the

_old-eobalt vs constantan thermocouple occurs

at l0 ° t,[ _rl(l i_ about 6_v/° K. The Keithley
millimo(_rovoltmcter is sensitive to 10 -2 _v and

thus _ives a temperature control of about
10 -30 K.

EXPERIMENTAL ACCURACY

The major sources of error in the present emit-

lance at)p,tr_ttus are the various nonradiative
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thermal losses by the sample. The thermal loss
mechanisms are as follows:

• Thermal conduction from the copper block

to the sample through tile differential
thermocouple

• Radiation fin effect losses from the thermo-

couple leads

• Thermal conduction from the sample to

the sample container walls by residual

gas conduction

Table 6-I below lists the magnitude of these

thermal leaks together with the total radiation

from a representative sample. It is assumed in

the calculation of the sample radiation that the

sample has a total surface area of 10' cm 2 and
all _ of 10 -2. The radiation fin effect is calcu-

lated from the data of l,ieblein (ref. 3). The
fin effect radiation is calculated on the basis of

an unshielded thermocouple; with the shielding

used in the apparatus, this radiation is reduced

by an order of magnitude. The differential

thermocouple is a gold-cobalt vs. constantan

pair of wires 3 mils in diameter by 10 cm long

connecting the copper block and the sample.
The data of Powel eta]. (ref. 4) is used for the

thermal conductivity of the gold-cobalt wire.

The residual conductivity is calculated from

the equation of Knudsen (see, for example,
Scott, ref. 6). Note that it follows from the

tabulated data that at 10 ° K a 20_v error in

emissivity is expected. At 20 ° K and above the

experimental error is only 3% or less. The

above errors are calculated assuming no heat

generation due to sample vibration; actually
this mechanism will produce heat inputs to the

sample which are significant below 30 ° K unless

special precautions are taken to isolate the

apparatus from vibration.

TABLE 6-I.--Total radiation jrom a representative sample and magnitude oJ thermal leaks

Temp,, ° K

10 ............

20 ............

40 ............

60 ............

i
Total sample radiation, I

watts ]

5. 6X 10 -9 I

9. 0X10 -s I

1. 4X10 -a I

7.3)<10 -_ ,

Radiation fin effect,
wlttts

1. 3X10 -°

2. 0X 10 -s

3. 4X 10 -7

1.8 _< 10 -_

Residualgas conduc-
tion (10-1o mm fig),

watts

4X 10 -t°

1 X10 -0

2Xl0-0

3. 5X 10-g

Differentialthermo-
couple conductivity,

watts

4X 10 -'°

7 )< 10 -1°

1.3XlO -D

1. 7_< 10 -_

Radiation fin effect
(shichi in place),

watts

1. 3 X 10 -'°

2. 0X10 -_

3. 4X 10 -s

I. 8X10 -7
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DISCUSSION

SHAW, Optics Technology: How (tid you attach the

thermocouples to your samples?

CAREN: The thermocouples were spot welded to the

samples.

SHAW: How thick were the samples?

CAREN: One rail. We used 3-rail wire. The whole

point is that you don't really have to worry about

having absolutely perfect thermal contact with the

sample. The reason is simply this: the important

thing is keeping the temperature difference between

the ends of the thermocouple wires within 0.01 to

0.001 ° because that is what determines how much

heat is conducted through the thermocouple. If you

have an error of a few hundredths of a degree because

you don't have perfect thermal contact with the sample,

it simply means that at the end of the decay, you are a

couple hundredths of a degree off. But it doesn't

mean that your data are going to be off too far.

BAas_, Armstrong Cork Co.: I wonder if you would

comment in more detail on the radiation shield that

was used on the differential thermocouplc, particularly

with reference to spacing and the surface finish on the
shield.

C^REN: The shield was copper; copper was used

because with its high conductivity there will not be much

of a thermal gradient down the shield. The surface

was chemically cleaned. Insofar as the size is concerned

the differential thermocouple was mounted on some

approximately 8-rail, Pyrex fibers across a space of

about a quarter of an inch, and the shield coming down

is on the order of _ inch in diameter and about 1 inch

long.

BROWN, Martin-Marietta: We have a problem in

determining the EMF outputs of thermoeouples at low

temperatures corresponding to the relative temperature.

How do you calibrate your particular thermocouples?

CaR_N: Are you talking of the differential ther-

mocouple?

BRowN: No, the actual end of the couple. How did

you determine that you had 35 ° K? How did you

determine that you had an EMF output corresponding

to 35 ° K?

CARES: The temperature of this block is what I

measured to determine the temperature of the sample.

It was measured using a copper constantan thermo-

couple and the copper constantan wires were tempered

to the sample temperature by wrapping them around

the copper and then fastening down the bead. I

think if you temper the thing properly there isn't very

much of a problem.

BROWN: What I am interested in is the EMF output

of a thermocouple in the range between 4 ° and 20 ° K.

What do you use for calibrating standards?

CA_EN: I was using, to measure the EMF, a K-3

potentiometer.

BRows: How do you determine that a certain

EMF is equal to a certain temperature?

CAREN: The data I am using for the thermocouple

output is the Bureau of Standards data which I)r.

Corruccini put out on copper constantan and gold-

cobalt.

BROWN: I)O you _tse a liquid helium point and a

liquid hydrogen point and extrapolate between these

two point:_ ?

CoaRvccINI, N.B.S: l)id you just take our published

tables and assume that your thermocouple would match

those tabh,s or, as Mr. Brown _s suggesting, did you

make some kind ,ff a spot calibration that would give

you an i(t(.a of thv deviations from our tables?

CAREN: No, this is rough work and the only thing I

did check was nitrogen temperature; just on the ther-

mocouple to see if we were close. That is about all.

Coaavc('INI: You used gold-cobalt versus constan-

tan for your diff,,rential thermocouplc?

(;AaEX: Actually, since I planned to go down only

to 30 _ I slart,_d using gold-cobalt vs copper because at

that temp_ratur(. I didn't need to think about using

ttu, const.antan. But when I try to push to lower tem-

peratures I d(,finit.ely will have to use constantan be-

cause of tho conductivity of the copper.

CORRIrCCINi: 1 S(>(!; I WaS going by the remark in the

published pai*'r. I was going to say that we are more

interested now in the combinations using Chromel.

We think thai gold-cobalt versus Ci_romel probably is

one of the b,,st combinations that could be used here.

It has the feature that you desire in your differential

thermoeouplo of low thermal conductivity in both legs,

and in addition it. has an appreciably higher de/dt than

gold-cobalt vs constantan. In case anyone is inter-

ested, we holx" to put out a reference table for this

thermocouple some time in the next year.

To_zY. Arthur D. Little: Would you care to com-

ment regarding the applicability of this method to

coatings?

CAREN: l)o you mean metal samples with coatings

on them? I can't see any reason why they couldn't

bc used. It would just be a question of what tempera-

tures you cart go down to because you have to remember

that you are _oing to have a fairly large thermal mass.

Probably if you're only interested in going to nitrogen

tcmtx,rature or something like that, the method would

be tx, rfectly apl)licable.

BECKET'r, NBS: I have a question with re_ard to the

temIx,ratur(, m(,asurements. I believe that you are

using a sin_l,, ihermocouple which measures a temper-

ature at .t ,-re'nit rogion on the surface of your sample.

Your results, h,)w,,ver, are dependent upon the temper-

ature distribution throughout the samplc as well as

the t eml_'rature at a point. How large is the temtx_ra -

Lure variation throughout the sample?

CAREN: Well, of course, the temperature variation

throughout t}> sample has not been measured but

there are two things that have to be kept in mind.

In the firs1 plat,', the rate of cooling is quite slow; in

other words, these runs take on the order of 5 hours.

If you were cooling quite rapidly, you might get cold

spots near th(. location of the thermocouple because

you haw a lot of radiating surface. But cooling slowly
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you would expect, especially using a copper sample,

fairly isothermal conditions throughout the sample.

BECKETT: May I comment? This type of technique

is common throughout precision calorimetry wherever

they use radiation shields. This is probably justifiable

as you have indicated but I have often wondered just

how large arc the gradients in the thin metal shield,

of which your sample is typical, and I am raising the

question as to whether or not we are really justified

in making such assumptions.

CAaEN: Well, I did do some calculations, the accu-

racy of which I cannot specify today, but at one time

I was interested in knowing how long it would take

for the thermocouple to come into equilibrium with

the sample after the sample temperature was changed.

I did my calculations on the assumption of a copper

thermocouple wire 1 ° different from the sample. ]

found to my surprise that equilibrium is reached in a

very short length of time. In the analysis you have

several Fourier components. All the higher Fourier

components damp out very rapidlyp just like heating

one end of a bar, and even the long-wave-length

Fourier component damps out very quickly. I did

this calculation for a 3-rail wire. In the case of the

sample discussed in my paper, equilibrium would be

faster because while the sample is thinner, it is also

more extended.





7--AN APPARATUS FOR MEASURING

TOTAL HEMISPHERICAL EMITTANCE

BETWEEN AMBIENT AND LIQUID
NITROGEN TEMPERATURES

BY G. L. HAURY

AERONAUTICAL SYSTEMS DIVISION, WRIGHT-PATTERSON AIR FORCE BASE, OHIO

An apparatus was designed, fabricated, and calibrated for measuring the mean total
hemispherical emittance of solid materials in the temperature range between ambient and
liquid nitrogen temperatures. The apparatus is a modified version of an Arthur D. Little
design and is particularly adapted for accommodating large, flat samples instead of cylindri-
cal ones. A description of the apparatus together with appropriate operational details
are presented in addition to some preliminary data on copper and three samples of aluminum
foil. The accuracy of the apparatus, based on these data, has been determined to be
within ± 2.5%.

EXPERIMENTAL APPARATUS

The design of the apparatus was based on

one designed and used by Arthur D. Little Co.

(ref. 1). The apparatus described in this report

is quite similar with the exception of some

minor modifications, one of which is the ability

of the apparatus to accommodate larger sample

surface areas. In figure 7-1, the lines venting
vessels (1) and (2) are made of _/_-inch diameter

0.020 inch wall type 304 stainless steel tubing
so as to have minimum heat conduction.

Vessels (1) and (2) are fabricated from

}t-inch sheet copper and the seams silver

soldered. After fabrication, both of these

vessels were bright-dipped such that the copper

surfaces were clean and oxide-free. Vessel (1)

is inserted into vessel (2), the stainless steel

tube of vessel (1) being inserted through a

copper bushing in the upper portion of guard

vessel (2). A layer of insulation consisting of

eight aluminum shields alternately separated

by means of fiber glass cloth is attached to the

top and sides of guard vessel (2) in order to

minimize boil off. The spacing between the

U
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7-1.--Cross-sectional drawing of the total
hemispherical emittance equipment.
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outside of the measuring vessel and the inner

surface of the guard vessel is _i6 inch.

Four tubular plastic spacers are inserted

between the vessels at 90 ° apart to assure proper

spacing of the walls and to prevent any metal

to metal contacts. The guard and measuring

vessel assembly are suspended above the copper

hot plate (5) by means of four _-inch stainless

steel tie rods (4) spaced 90 ° apart. The upper

ends of the tie rods are insulated fronl tile copper

guard vessel (2) by means of nylon inserts.
The upper ends are threaded for several inches

so that the assembly can be raised or lowered

to adjust tile spacing between the hot and cold

surfaces. The vent tubes front vessels (1)

and (2) pass through rubber O-ring seals

at the top of bell jar (3) to make vacuum

tight seals. The lower flange of the bell jar

(3) is sealed to the copper plate (5) by a fiat

neoprene rubber gasket about 1 inch wide.

Pump down of bell jar (3) is acheived with a
1)/_-inch mechanical fore pump (11) and a

4-inch oil diffusion pump (1_). The boil off

from the guarded measuring vessel (1) is

measured with a wet-test meter (9). A posi-

tive pressure of about 2 inches of wa_er is

maintained above the liquid in the guard vessel

(2) by means of bubbler (g) so that the liquid

nitrogen temperature in (2) is slightly positive

with respect to liquid nitrogen temperature

in (1). This assures that there is no conden-

sation of nitrogen vapors in vessel (1) or in

vent tube from (l). Each deternlination re-

quired two specimens of the same material, one
4_4/ inches in diameter attached to the nleasur-

ing vessel (1), and the other 8 inches in diameter,

attached to the hot plate (5).

CALIBRATION OF APPARATUS

Prior to the runs that were made for the

purpose of accumulating data, the apparatus

was calibrated to determine any extraneous

heat leaks which would appear as "boil off"

from measuring vessel (l). This was accom-

plished by suspending the fiat hollow copper

plate (10) approximately _ inch below the

measuring vessel (1). The plate was filled with

liquid nitrogen from vessel (2) as shown. The

cold plate, with its exposed surfaces insulated,

is shown in figure 7-2 prior to final assembly.

Except for negligible side effects, the measuring

vessel was completely guarded, and the heat

leak to the measuring vessel was found to be
0.044 watt.

ACCURACY OF APPARATUS

A Nichrome electric heater was attache(1 t_,

the bottom of the measuring vessel and covered
with aluminuln foil. When three different elec-

trical energy inputs of 0.066 watt, 0.254 watt

and 0.037 watt were applied to the heater, the

recovery as boil off from the measuring vessel
was 96.0_c, 9q.0_v and 97.6%, respectively.

The accura('y of the apparatus, considering that
the heat flux concerned reaches the bottom

surface of the measuring vessel, is within 4-2.5%.

TEST RESULTS

The mean total hemispherical emittances of

the materials that have been run in the _ppa-
ratus thus far are listed in table 7-I. These

emittances were obtained by applying equation

(1) for the radiant heat flux between two parallel

plates of equal surface area of the same material.

TabLE 7--1.--Mean Total Hemispherical
_mittances

._aHl|)]e

Mechanically polished

COl)Per.

Aluminum f,)i[, l{eyn-

olds (}.00I in. thick.

Aluminum foil, Alcoa

0.0005 in. thick.

Aluminum f,fil, Alcoa

0.0{}024 i7,. thick.

Te  er::ureI
-- ---- I Meal1 e

ttot Cold

face, ° K face, o K

294 80 ] O. 022

I 275 87 .060

285 82 .055

277 86 . 065

The plates were placed _{ inch apart with the

pressure in the system being I0 -_ mm Hg or less.

IV---2--_, Aa(T2 4- T?) (1)

where (ref. 2):

H" radiant heat

total hemispherical emittance between

temperatures T2 and T2 of either surface,

on the assumption that e_e_=_2
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FIGURE 7-2.--Bell jar, guard, and measuring vessel, with cold plate attached.

A surface of cold plate

a Stefan-Boltzmann constant in proper units

T2 temperature of hot plate

T_ temperature of cold plate.
Table 7-II are data on two Corning ceramic

materials.

CORRECTIONS

It was assumed that half the heat flux

entering the annular space between the guard

and measuring vessels (area of opening was 20

sq cm) was absorbed by tile measuring vessel•
This flux was subtracted from the total flux
before data were reduced. A correction was

also made for residual boil off which displaced
the evaporated liquid. The residual boil off

was calculated to be 0.54% of the total boil off
when using liquid nitrogen.

TABLe; 7-II.--Mean Total Hemispherical E'mit-

tances of Coming Glass Company Ceramic

._laterial

Sample

Pyroceram 9606 ........

Multiform 7941 ........

Temperature
range

IIot Co_d
face, ° K face, o K

289 256

236 207

177 153

292 154

288 143

247 117

297 161

289 153

0. 89

• 85

• 82

• 79

• 80

• 80

• 72

• 74
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CONCLUSIONS

(1) The accuracy of the apparatus when

corrections are made for heat leaks is =t=2.5%

as determined by calibration with a known

electrical heat input.

(2) The apparatus is adequate for the

measurement of the mean total hemispherical
emittance of flat surfaces between 290 ° K and

80 ° K.

(3) Measurements made thus far have been

in reasonable agreement with those reported
in the literature (ref. 3).
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DISCUSSION

COI_RUCCINI, NBS: Your formula for computing

the results with the factor e/(2-e) contains the assump-

tion that the emittances of the warm and cold surfaces

are equal. This is not necessarily a good assumption

for these widely different temperatures.

HA['RY, A.S.D.: It is actually what we call mean

emissivity and is an average. It is really not the true

emissivity of either surface.

TOELOUKIAN, Purdue Univ.: Yesterday and this

morning whenever data were reported, there were

some specifications. In this case the thickness of the

samples was specified, but no other information was

given. Why is the thickness of the Muminum sheet

important in regard to the emissivity?

HAURY: The only purpose of that was to identify

samples. There was no meaning here as far as thick-

ness is concerned. I don't think it has any bearing on

the measurement. It was simply to distinguisil

among three different samples of foil of different

thicknesses.

TOVLO_TmAN: But it would have been more inform-

ative to know what Pyroceram 0606 and 9608 is. If

space can be devoted I would prefer to have some

information other than the thickn_s of the material.

HAURV: The thickness of the plate was measured as

{{ inch.

TOIrLOVKIAN: This is irrelevant as far as emissivity

is concerned. Something about the identity of the

material should be mentioned. Will the next sample

of Pyroceram 9606 be the same? Did you try various

samples?

HAURY: No, sir; we checked only one sample of
each material.

TOULOUKIA?_': Can I use these data for the aext

batch of Pyroceram 9606 I order?

HAt'RY : Yes.

COnntTCClNI: I noticed in your apparatus drawing

showing the calibrating cold plate in place that there

was quite a gap through which radiation could enter

from the edges. Although the shape factor for it is

rather small, this radiation comes from a high tempera-

ture. How s_re :tre you that this edge radiation is not

influencing the calibration with the cold plate?

HAtrar: W_U, during the calibration we used an

aluminum foil around the cold plate and brought it up

to about _./_ inch or so from the bottom of the guard

vessel. We made some calculations based on the

solid .tngle and it would be negligible, I think.

t]ECKETT, NBS: I would like to comment on the

point that w:ts raised by Professor Touloukian. I

think it is very important from the broader, long-

range viewpoint that whenever a physical property is

measured, the sample must be adequately character-

ized. This means more than specifying its chemical

composition. The physical state of the sample is

invariably involved, particularly with complex sub-

stances such as Pyroceram. The state of the material

is very important when you try to extrapolate or to

correlate lifts measurement with something else. We

have a lot of effort being devoted to measurement of

various proI)erties throughout the country now. And

one of the big difficulties with those who use the in-

formation, or who collect, correlate, and evaluate this

information, is being able to relate the measurements

on one sample by one experimental group with those

being nmde by another. Unless we do have well-

characterized samples this is not possible.

ABBOT, Naval Radiological 1)efense Lab.: I notice

you have wlrious w:lt.tages of heat inputs to the heater

plate here. llave you assumed that all this is radiated

to tile saruplt_?

tlhUaY: 1 am glad you brought up that point.. I

failed lo m_'_Jtion the calibration by the electrical treat

input. Ttwre was a Nichrome heater fixed to the

bottom of the measuring vessel, and it, was assumed

that all the hea_ went into the liquid nitrogen in that

case, because the heater was covered with an aluminum

foil shield. In that calibration run, in one ease we

had 99.5% of 1he heat out as boil off, and at a low heat

flux we had around 97% recovery.
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OF TOTAL EMITTANCE MEASUREMENT

BY K, E. NELSON AND J. T. BEVANS

SPACE TECHNOLOGY LABORATORIES, INC., REDONDO BEACH, CALIFORNIA

A commonly used technique for total hemispherical emittance measurements is the calo-
rimetric method wherein the net loss from a sample within a known radiation environment
is related to the total hemispherical emittance of the sample material. The total error of
this method is greatly dependent upon the experimental system, techniques, and procedures
utilized. However, there are basic minimal errors which are inherent in the calorimetric
method and are primarily dependent upon the ratio of the sample temperature and that
of the environment. This paper discusses these minimal errors in quantitative terms and
the other contributions to the total error in more general terms.

The analysis of the calorimetric method is developed from the basic heat balance of the
sample, the analytic expression for the radiation cooling and the linear expression for the
factors contributing to the total error. The assumption is made that the experimental
system has been designed to minimize or eliminate system errors, e.g., inter-reflections
between sample and surrounds. From the analysis, quantitative results are presented for
the sample temperature, the surrounds temperature, the sample absorptance, and the non-
equilibri_m_ contributions to the total error.

The results indicate, care and attention must be given to the design, constructiotb and
operation of a calorimetric instrument. Even with proper precautions, serious errors can
result in operation at sample temperatures below 250 ° K.

The restrictions imposed upon the thermal

radiation properties required for the thermal

design and analysis of spacecraft are becoming

increasingly severe in terms of the variety of

materials which must be considered, the range

of temperatures over which the properties are

required an(] the accuracy of the measurements.

Of the different, methods available for measuring

the several types of necessa_ thermal radiation
properties, the calorimetric method of total

emittance measurement is one of the important

experimental techniques. The apparent sim-

plicity of the necessary equipment and in-

strumentation, combined with the apparent

inherent accuracy, makes this method very
attractive to an experimenter. Furthermore,

the calorimetric method is the simplest one

available for directly measuring the hemi-
spherical emittanee of a material. For these

reasons, in many laboratories the calorimetric

method is rapidly developing into a standard
procedure for total emittance measurements.

Experimental results obtained with the calo-

rimetric method and reported in the literature

have indicated that the procedure does not

necessarily yield values which are consistent

between different experimenters and with

theory. Discrepancies between experimenters

can be largely attributed to sample material

differences. Although theoretical predictions

and experimental results may not correspond

exactly in magnitude, experiment should

follow the trend predicted by theory. Figure
8-1, extracted from results given in a recent

article (ref. 3), illustrates this descrepancy

between theory and experiment. An important

application of the calorimetric method is the
measurement of total emittance at material

temperatures ranging from ambient (_300 ° K)

to cryogenic (10-80 ° K). The interest for

operation of the calorimetric system at tem-

peratures approaching the cryogenic region plus

the above anomalies existing at temperatures
above 200 ° K are sufficient incentive for in-

vestigating the method in greater detail.

The most direct and obvious procedure for

examining the calorimetric method is by a

study of the errors involved in the expression
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FIovRw 8-1.--Pure electropolished copper era;trance data

of reference 3 compared to theoretical prediction.

used to compute the value of emittance. This

approach assumes certain basic instrument
5,

design conditions have been satisfied: the walls
of the enclosure }lave been made as non-rcflec-

t.ive as possible to the energy emitted by tile 5

sample; and the sample has been placed g'eo- [_.lt
metrically within the enclosure in a manner
that eliminates or minimizes the reflection of

energy emitted by the sample back on to itself. [_,1 _z
These conditions are usually maintained and

should be applicable to all experimental systems. {&.VH
The purpose of the paper is to describe the

errors of the calorimetric m(,thod within the

restrictions given above. Certain of the con- [_,F v
tributions to the total error which will be

enumerated will be dependent upon the particu- [_,l_
lar system chosen by the experimenter. Con-

versely, other contributions will be inherent in
tile calorimetric method and limits or bounds

to these will be given.

ANALYSIS

Nomenclature x

A area, cm_; A,=primary sample emitting

area; A==samplc edge emitting area;

A_=area of support or lead wire

C_,C2 first and second radiation constants, re-

spectively

E(XT) monochromatic emissive power of an ideal

radiator, watts/em z -_,

M molecular weight

P pressure, mm Hg

T absolute temperature, °K; T,=sample

temperature; T0=surrounds; Tg=vac-

uum gage temperature

P

_r

General

The primary assumptions of

were given in the Introduction.

derivative of temperature with respect to

time, °K/hr; _',= _ for the sample

voiuIne, eln a

specific heat, watts/gin

density, gm/cm a

thermal conductivity, watts/cm _ °K/cm;

/,-°=thermal conductivity of support or

lead _ire

1,mgth, cm; l_=length of lead or support
wire

hc_,t flow, watts; q,=electrical equivalent

heat flow; q,=heat loss or leakage; q_=

heat loss by conduction through the

r,:sidual air within the evacuated en-

,.:losure; q¢_=heat loss by conduction

from the support or leads

effective thickness of sample, cm; t= V/A,

ma.-s of sample, gm

absorptanee; _,=primary sample area

absorptance to surrounds radiation; _..=

sample edge area absorptance to sur-

rounds radiation; _,=_.-- a., equation

(2)
ratio of specific heats; _._-1.41 assumed in

equation (13)

difference between two quantities

error difference between actual and meas-

ured (or calculated) quantity

total emittance error contribution from an

error in sample temperature measure-

ment; figure 8-2

total emittance error contribution from the

internal energy emitted by the sample;

tigure 8-3

total emittance error contribution from the

conduction loss by a single support or

lead wire; figure 8-4

total emittance error contribution from

conduction through the residual gas

within the evacuated enclosure; figure 8--5

maximum possible total emittance error

(umtribution from the assumption a.=_,

for idealized materials; figure 8-6

total hemispherical emittance; _o=primary

sample area emittance; _,=sample edge

area cmittance; _x= monochromatic emit-

t_mc_; _,, T=sample emittanee at temper-

ature T

wavelength, microns; X_=wavelength of

change from a monochromatic emittance

(_x) of unity to zero

volume resistivity, ohm-cm

fltefan-Boltzmann constant

the analysis
The calori-

metric inethod may be used in two ways: tran-

sient and steady state. In the transient proce-

dure, all or part of the energy emitted by the
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sample is obtained from the internal heat

capacity of the sample. The steady state

technique monitors the heat supplied to the

sample under conditions of thermodynamic
equilibrium with its surrounds. The two

methods are particular forms of the more

general heat balance expression for the sample:

_,A,_r T ; + _=A:a T/-- a,A,_r To'-- <x:A:, To'

"=--wc#,+q,+q, (1)

A frequent assumption utilized in reducing the

complexity of the above equation is that the

emittance (_) is equal to the absorptance.

Since this is an assumption, the validity can

be examined by substituting:

_,= _..+_,a, (2)

Using this in equation (1) and collecting terms
yields:

_.A.(, T/-- a To') + _xAx(a 7'.4-- a To')

=Aa,,A,aTo4+Ao_xaTo'--wc_,+q,+q] (3)

Assuming the contributions to the total error

to be consistent rather than random, i.e.,

additive in a linear manner, the total error can

be expressed as:

ea Les.Jc Les_le Lem_In-t Lea-lx

where

(4)

.,j_ uA, A \T,'--To'/kT,/

T4 ( T°4 "1 [_Toh
\T2--To4/\ To/ (5)

['"l =( ',, A, ,,A,a(T,'--To') j

-_ '_±q, q, J

(7)

57

_/,4 hsT'+4( To' \_Tor,.-r0,/Z r0

+_A,+_(_,)ll .

The various terms in equation (4) can be
designated for future convenience: the conven-

tional error, equation (5); the heat meashre-

ment error, equation (6); the non-gray error,

equation (7); and the edge effect error, equa-
tion (8). The last three total error contribu-

tions may be made independent of the sample

emittance (_,) by multiplying both sides of the

equation by e,, whereas the first contribution,

equation (5), is dependent upon _r. Therefore,

the conventional error term is a percentage
contributor to the total percentage error, but

the remaining three terms contribute incre-

ments to the uncertainty in E,.

Conventional Error, EquaUon (S)

This equation represents the errors involved

in measuring the basic physical quantities of

an emittance sample: sample area, sample tem-
perature, and surrounds temperature. Each of

these quantities is subject to different degrees

of accuracy but the most important is the tem-

perature of the sample. For a fixed sample
size and surrounds, i.e., a given experimental

system, only the sample temperature varies.

The magnitude of this error is shown in figure

8-2 for several values of the quantity _T,/T,, i.e.,

temperature error, as a function of the ratio of

sample to surrounds temperature.

The Heat Measurement Error, Equation (6)

The energy emitted by the sample must be
obtained from either the internal energy of the

sample or from an externally supplied source

(e.g., an electrical heater). If the internal heat

capacity is utilized, the calorimetric method is
generally considered to be operated in the tran-

sient mode and wc_' terms of equation (6) are

included. When the steady state method of

operation is used, the transient terms (wc_t') are

assumed to be zero or negligible and all of the

energy emitted by the sample is supplied by the
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term q,. The neglect, of the transient term in

steady state operation can be a serious source
of error under certain conditions, as will be

shown. Consequently, the error contribu-

tion for this term is present in both modes of

operation.

The heat measurement error is independent

of the emittance (e,) of the sample and is a
numerical error; i.e., _, canbe cancelled from

both sides of equation (6). When this is done,
the heat. measurement error can be considered

only as _,_. With this in mind, the first term

of equation (6) can be written as:

wet _T (wc)
Ara(T/--To') 5b=A,,r(T,4--T,, 4) (_') (9)

For a specific sample, the ratio of mass to

area can be characterized by a thickness (t) and

by selecting specific materials, equation (9) may

be computed as a function of the following
variable:

dct

2_(T/_T04) (10)

Figure 8-3 shows the contribution to the

total error for aluminum and copper samples

as a function of the sample temperature. The

surrounds temperature (T_) was taken t.o be

that corresponding t.o liquid nitrogen and liquid

helium, and the sample was assumed to be a
planar sample with a vohnne to emitting area

ratio of _6 t. For other sample geometries, the

volume to emitting aret_ should be used to

Measurement of Thermal Radiation Properties of Solids

modify the values shown in figure 8-3. The

specific heat (c) of the two materials as a

function of sample temperature were obtained
from reference 5.

The error contribution resulting in an error

in the heat capacity of the sample is pertinent

to the transient method of operation. Simi-

larly, the heat supplied to the sample (q_)
pertains to the steady state procedure. The

final term in equation (6) affects both methods

since it is the heat loss error term. Energy

losses by conduction along the thermocouple,

power and support leads and conduction
through the residual gas in the system should
be considered.

For a single thermocouple wire, support,

electrical lead, etc., the conduction loss can be
written as (radiation effect neglected):

or

k_A,_ (T,--T,A
qcw:= lw

(11)

kwAw

q_=-_- aT (12)

Equation (12) must be multiplied by

A,[,4 T?-- To')]-'

to obtain an estimate of the conduction loss

from a single wire relative to the sample-emitted

energy. This estimate is shown in figure 8-4

for three common thermocouple materials.

Generally, the assumption is made that con-
vection losses from a sample are negligible if

the system pressure is less than 10 -4 or 10 -s mm

Hg. The heat loss by conduction at low pres-

sures is dependent upon such system parameters

as enclosure dimensions, method of securing

the low pressure, sample size, etc. An estimate
of the heat conduction from a sample was made

with the expression given by Scott (ref. 6)

assuming accommodation coefficients of unity

and an enclosure area large, relative to the

sample area:

(3'_- 1) _ (13)
q_,=O.242,; (_-_ (_) (T_--To)

The pressure (P) was evaluated at 300 ° K

(gage temperature rig), the molecular weight

(//1) was assumed to be 28.8 at all pressures,
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and value of the ratio of specific heats (_,) was

taken as 1.41. If the conduction through the

air is neglected, the error in the heat loss (q_)

is given by equation (13):

q,_-%a (14)

Consequently, the contribution to the total

error is equation (13) multiplied by [a(T/--
T04)]-k In figure 8-5, tile calculation of the

error resulting from neglect of this loss is

given as:

(_,_)1v__ q_a

P Pa(T2-- To4)
(15)

The Non-Gray Error, Equation (7)

The most frequent assumption made in the

calorimetric method, steady state, or transient

modes is that the emittance of the sample is

equal to its absorptance. The emittance is
related to the energy spectrum of the sample,

whereas, the absorptance depends upon the

radiosity of the surrounds and the absorptance

of tile sample to this surrounds radiation.

Since the surrounds are generally at a low
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temperature, the spectral absorptance of the

sample must be known or assumed at very long

wavelengths (30 microns and greater). Very
little is known about the spectral character-

istics of materials at these wavelengths, and

only for pure polished metals does theory and

limited experiment provide adequate assur-

ance that this assumption is reasonable.

Should an ideal metal sample become con-

taminated with an oxide, this assumption
could become an invalid one.

Equation (7) is for the total non-gray error,

but the most important term is the last one:

(16)

As with the heat measurement error, this error

contribution can be expressed as an increment

to Se, but the evaluation is more readily

performed with emittance of the sample (e,)

included. To determine this portion of

the non-gray error, two extreme cases of

1020 30 50 80100 150 200 300 500

SAMPLE TEMPERATURE (TS) - °K

FmusE 8-5. --Error contribution from conduction

through the residual air in the evacuated enclosure,

the spectral properties of a surface are used:

(l) ex=_x=l, O<X<X,; ex=ex=O, X:>k_ and

(2) ex=ax--O, {)<X<X_; ex=ax:], ),e__))_. The

expressions for &,/_, for the last term in equa-

tion (7), under the assumption a_=-e_ are:

Case ] :

fx_r_ E(XT) d(XT)

L _,_.J -_ E(XT)
d(XT)/.Jo aT 5

Case 2 :

F
d(XT)

JxcT s _1

where:
E(XT) ('_

(17)

(iS)

(19)
,_T" (XTp[exp. (GtXT)--I]
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Equation (19) is the non-dimensional form of

Planck's equation and was tabulated by

Dunkle (ref. 1). The maximum values of

8e,/e, can be obtained from equations (17) and
(18) and will be found to occur at XCT,=0 and

XcT,=¢o respectively. The magnitudes of the

error contribution obtained from equations

(17) and (18) are shown in figure 8-6.

The results given in figure 8-6 are applicable
to either calorimetric or radiometric measure-

ments of the sample emittance. These results

differ from those given by Edwards and Nelson

(ref. 2), since they maximized only for _a.

Figure 8-6 is a more general approach since

the maximum value of either expression is
obtained at small or large values of X_T,

rather than at the value of _cT,_2900 found

by Edwards and Nelson.

The Edge-Effect Error, Equation (8)

The expression for the error resulting from

neglect of the edge of a sample is given in

equation (8). Examination of this relation
will show that it contains each of the errors

in the total sample emittance error (eq. (5),

(6), and (7)) but in terms of the unknown edge

emittance. The important multiplying factor

in this error contribution is the ratio of edge

area to sample area and this error can only

be minimized by reducing this ratio. A

sphere has an edge to emitting surface area

ratio of zero except for connectors or assembly

joints. Other geometries will have finite edge

areas and, hence, this term must be included.

SUMMATION

The various error contributions given by
equations (5), (6), (7), and (8) have been

treated in the preceding discussions. For the

conventional error, equation (5), the error from
an incorrect temperature measurement was

described (fig. 8-2); the heat measurement

error, equation (6), was expressed as a lead con-

duction loss (fig. 8-4), an error contribution

from the assumption of steady state (fig. 8-3),

and an air-conduction loss (fig. 8-5); the

assumption of sample emittance equal to

the sample absorptance was given by equation
(7), and one term of this error was described

(fig. 8-6); and the neglect of edge losses,
equation (8), was discussed briefly. For equa-

tions (5) through (8), certain terms were

selected for elaboration, and, of these, the
neglect of tim internal energy under the

steady state assumption (eq. (10), fig. 8-3),
the air conduction loss (eq. (15), fig. 5) and the

non-gray error contribution (eq. (17) and (18),

fig. 8-6) are not generally considered in the

literature. The sample temperature measure-

ment error, the lead wire loss and the remain-

ing terms of equations (5) and (6) are almost

always considered. The edge-effect error con-

tribution, equation (8), is frequently neglected.
Thus, the important error contributions are

those which have been ignored in the past.

The magnitude and importance of the error

contributions usually considered cannot be

understated. Figures 8-2 and 8-4 exemplify

this. For example, an error in sample tem-
perature measurement of 0.25 ° K will cause

an error contribution of approximately 3%

for 78 ° K surrounds (liquid nitrogen) as the

sample temperature approaches 90 ° K; but

under the same surrounds and sample tem-

peratures, this error is over 10°-/o for a sample

temperature uncertainty of 1° K. The heat

loss by conduction from a single wire is simi-

larly important. In figure 8-4, the wire con-

duction loss is related to the parameter:
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This quantity has a value of unity for the
conditions of:

A_=10 em 2

A_=-_ (apl:irox., 0.01-era or 0.004-inch di-

ameter wire)

/,_=7.8 em

AT=I.

Hence, neglect of this loss can cause an error

of approximately 0.01 in e, at a sample tempera-
ture of 80-100 ° K for an iron lead and 0.05

for a copper lead; these values increase by a

factor of 10, if' the sample temperature is

reduced to 50 ° K. In terms of percentage

error, these contributions can easily represent
an error of 10 to 100°-/o for a polished metal

sample. If the temperature of the surrounds is

that of liquid nitrogen (78 ° K), the error is
significantly larger. The lead loss could es-

sentially be eliminated, if a super-conducting
material were used for the leads. However,

this would apply to sample temperatures below
18 ° K and tile other contributions to tim total

error would make such a measurement im-

practical. These error contributions would be

in(Teased for liquid nitrogen sm'rounds. Em-

phasis should be made of the fact that this is for

a temperature difference of only 1 ° K in a
7.8-cm wire length and can be considered to

represent the uncertainty in temperature when

COl'_ecting for lead losses.

The edge effect error, equation (8), is dependent

upon the sample geometry selected and tile

manner of fabricating the sample. A spherical
sample will minimize this error contribution,

but. this geometry will require a significant

time for cooling to the desired temperature.
In addition, a spherical sample is not as con-

venient experimentally as other geometries.
If wu'ious materials are to be measured, each

surface requires a new sample sphere or tile

same sphere must be reused. Applying coat-

ings upon the same spherical sample can be

dilticult since many ele(qrochemieal coatings

are not compatible with any arbitrary material.

Several spherical san)pie holders necessitate

calibration of each holder in terms of specific

beat, thermal conductivity, area, heat loss,

etc. An alternat.ive is a thin disk or rectangular

foil sample composed of the desired material

with or without a coating. The edge effect
error (:ontribution must now be considered.

Its magnitude may become significant since

equation (S) ,(,,rains all the terms in equations
(5) and (7) but f,,' the properties of the sample

edge and sample temperature. By making

the ratio of sample edge to satnple emission

area small, 1he multiplier of all terms in equa-

tion (8) can be Jninimized. This ratio is not

small for a disk sample since tim total sample
thickness must include an internal heat source

and/or other instrumentation.

A disk g(,ometry for a salnple is not easily

adapted t() a transient measurement for the

restriction ,m edge to sample area requires the

sample to he thin. but this condition is not com-

patible with 1he need for accurate knowledge
of the interred heat capacity (we). If coated

samples are use(/, the coating may be a signifi-
cant but unknown fraction of the total sample

heat capacity. This indefiniteness would be
reflected in an increase in the heat capacity

error contributions of equation (6).

The foregoing discussion indicates the design
and construction of a calorimetric method is a

series of accuracy compromises. Instrumenta-

tion, lead losses, edge area, sample size, sample

geometry, el(', must all be considered together.

The error contributions given in /_gures 8-.3,

8-5, and S 6 r'an be placed in a different, cate-

gory; lhey art' error contributions in the calori-
metric systen_ that are difficult to eliminate.

The neglected internal heat capacity of a steady
state llwastn'(,nlent or the un(.ertainty in the

quantity 6 T of a transient measurentent (;an

be a very difficult error factor. For a sample

I mm thi.k and an uncertainty in the tempera-

ture lransien! t}f 1 ° K/hr, tim increment in % is

approximately 0.1 with a sample temperature

of 90 ° K and liquid nitrogen cooled surrounds.

For a polished metal sample, this represents
an errt_r (.,ntribution in excess of 100%. If

the sample lemperature is restricted to it mini-

mum o[ say 200 ° Is[, the error contribution can
tie held within a tolerable limit.

Tile importance of a high vacuum is demon-

strafed by the curves given in figure 8-5. If

a pressure of 10 -4 rain Hg is used, an error in-
crement ,,f 0.10 is introduced in tile measure-
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merit at a sample temperature of approximately

100 ° K. If a lower sample temperature is

required, the vacumn must be correspondingly
greater, 10 -8 to 10 -s mm Hg, for the same value
of error increment.

The portion of the non-gray error presented in

figure 8-6 is an upper limit obtained by ideal-

izing the spectral properties of a material.

Practical examples of such extreme properties
are difficult to find for little is known about the

spectral properties of materials at long wave-
lengths (a _ 30 microns). It is one of the basic

problems of the calorimetric method since the

method is generally considered the easiest

technique for measuring practical thermal

radiation properties at these wavelengths.
However, an example of case 1 could be a metal

surface coated with SiO2-SiO. Such a coating
corresponds to quartz, and quartz begins to

become transparent in the wavelength region of

40-50 microns. Since an apparent incentive to
using the calorimetric method for emittance

measurements is the accuracy attained with
metal samples, it is disturbing to note that case

2 would correspond to a "perfect" metal sample

with a coating or oxide film which becomes

opaque at very large wavelengths. An example

of case 2 might be a silicon sample with a

vacuum deposit of almninum on the back sur-

face, e.g., a material transparent to approxi-

mately 20-30 microns and opaque beyond this

wavelength. Practically, few materials will cor-

respond to these idealizations but the possible
magnitude of this error contribution should not

be overlooked. For example, in liquid nitrogen

surrounds a sample at a temperature of 200 °K

can be in error by several per cent for case 1 or

an order of magnitude larger for case 2. Use of

liquid helium surrounds will decrease this error
for the same sample temperature.

With the exception of equation (5), the error
contributions can be described in terms of either

an increment to the total error or as a percentage

error in the quantity _. The latter concept is

most often used and is the one normally re-

ported. The increment in the error is a useful

approach to the problem of errors since the

increments are independent of the value of

emittance (_), and they act as lower limit to

the accuracy of emittance. Thus, an increment
of 0.0l may not be significant if e_ equals 0.9,

but it is very important if an emittance of 0.05 or
less is to be measured.

CONCLUSIONS

The design, construction and operation of a

calorimetric emittance measuring instrument re-

quires care and attention. The calorimetric
method is not, in itself, the quick solution to

emittance measurements at low temperatures.
In all but one of the error contributions discussed

(gaseous conduction loss, figure 8-5), liquid

helium or hydrogen cooled surrounds will re-

duce the total error. The use of liquid nitrogen

cooked surrounds probably limits operation to a

sample temperature of 200 °K. The colder
surrounds will allow measurements to be made

at sample temperatures down to about 100 °K.
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DISCUSSION

CORRUCCINI: Thank you very much Mr. Bevans.

I think a careful error analysis of this kind is extremely

valuable as a guide to experimentMists who may over-

look or perhaps make only very rough estimates of some

of these things that you have discussed.

L. McKELLAR, Lockheed: May I have the first slide

please? These are more in the way of comments than

anything else. One thing on which Dr. Corruccini

might comment is the expression you have there, the

Hagen-Rubens expression, the theoretical expression.

I believe that approaching 200 ° K or lower this really is

no longer applicable, and the curve has less of a slope.

I think to the left of 300 ° K probably it is closely

applicable. I'm not sure about this, perhaps Dr.

Corruccini can comment.

But more directly, in our paper of last winter, we

pointed out that we did not believe the increase in

emittance shown at temperatures below around 400 ° K,

500 ° K because we felt, as Mr. Bevans pointed out,

that this may have been due to gaseous conduction.

Because of that we instituted a look into gaseous

conduction. Unless I'm mistaken one of the equations

we evaluated was the one that Mr. Bevans showed,

and I think this depends on an assumption of a Max-

wellian velocity distribution for the gases remaining in

the chamber. I believe this is the assumption usually

made and is normal in calorimetric techniques. But

having a large temperature ratio from wall to sample,

the distribution is not Maxwellian. How important

the departure from the Maxwellian is, it is hard to

assess. Consequently, ] would advise that what we

really want is a criterion for pressure at which we could

neglect gaseous conduction. I think the general

approach that Dr. Gordon showed---taking the maxi-

mum possible energy of the molecules leaving the

chamber wall and the maximum possible energy of the

molecules leaving the sample and finding the dif-

ference-would give a useful criterion because it

certainly gives an upper limit which is really what we

want.

B_VANS: I should turn this over to Dr. Corruccini.

I cannot argue whether the theory is good below 2000

K or not. Obviously the dotted line went a little bit

below it. Around 273 ° K, spectral data compare well

with the Hagen-Rubens relations, but this theory is

usually the upper limit in r(_flectance. If the data are

above that in reflectance or below that in emittance,

one begins to worry about the instruments. I think

that it is useful at least from the point of view of es-

tablishing trend. We purposely avoided citing the

reference specifically on the slide as we felt that it is

only important to look at the trend. Also, we tried to

avoid any comment about magnitude.

CORRVCCINI: I think the point that Mr. Bevans was

making with the slide is qualitatively valid. Although

one hardly expects quantitativ(_ agreement between

theory and experiment, one doa_ expect agreement as

to the sign of the temperature dependence.

BEVANS: AS for your other question about the use of

Knudsen's equation, we got the expression from Scott,

and I have to admit that I have not looked at the

original reference. I can see at least one individual in

the audience who probably could answer the question

about wheth(_r that couation is valid or not. ] do

agree that a balance of kinetic energy is a much better

one since it forms an upper bound. In a similar man-

ner, the non-gray _rror mentioned in your question,

forms an upper bound. This is the maximum error

one could anticipate. The practical aspects of this

non-gray error analysis are open to question because of

the idealizations that have been made. The only

thing they do, as far as we are concerned, is wave a red

flag at us.

TOULOUKIA'_, Purdue Univ.: Referring to your first

slide comparing experimental data with theory, I be-

lieve the sole purpose of this is to give the theoretical

bounds rather than a comparison of experiment with

theory. The theoretical predictions may not be com-

pared with observed data since the theory is for an

ideal model, and the experiment is on a real sample.

The knowledg(_ of the theoretical bounds is useful. In

our own work, we use this criterion as a tool, at least

to screen data that fall above it.

B_VANS: This does raise a point. You omit data

that fall above the values predicted from the Hagen-

Rubens relation. The question was raised this morning

as to whether the simple Hagen-Rubens relation is a

good approxir_mtion in the cryogenic region. I think

that possibly it is even open to some question in the

temperature region that I used. I don't know as I

haven't looked at it carefully.

GAITMErt, Lockheed: Since Dr. Caren was making

cryogenic emittance mea_urements he has looked into

it, and to the w,ry best of our knowledge the Hagen-

Rubens relationship is completely inapplicable in the

cryogenic area. I would certainly not use that as an

tipper or lower bound for anything.

B_vA._s: Which way does it lie, Dr. Gaumer?

GAr._En: I do not know which way it lies, but it is

very involved with the anomalous skin effect, and you

cannot justify a treatment of that kind at the wave-

lengths that we are discussing.

BEVANS: Well, the slide showed temperature roughly

above 200 ° K.

GAUMEa: I understand that, and I agree with the

slide. But we are now slanting the discussion to

cryogenic regions which are the region where you have

the possibility of serious errors in calorimetric determi-

nations.

BEVANS: [ open the question even to above 200 ° K.

G_-UMER: W( ' don't know; we don't dare use the

balance.

BLAeKMON, Air Force Calibration Lab.: I was

wondering, l)r. Corruccini, if you had any experience

with air bubbles being formed on the surface of metals,

say, possibly, when liquid nitrogen is poured right up

against the surface of the metal. This came up when

we were trying to cool lead sulfide detectors by pouring

liquid nitrogen directly on them. By dropping ther-

mocouples right at the surface we found a difference of

25 ° 1_ from th_ liquid nitrogen temperature which is

77 ° K By looking with a microscope we found that
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there were air bubbles right on the surface. I wonder

if this is something that might exist with other metals,

that a tremendous error might arise from assuming that

the surface temperature is the same as that of the liquid

nitrogen. Have you any experience in that area?

CORRUCClYI: If yOU have a large heat flux from the

solid to the liquid, you can have a substantial film AT.

I hope this was the situation with you as I wouldn't be

able to explain it otherwise.

BLACKMON: Would you say that this is something

that might exist with other metals? The only way to

get the temperature down was to push a thin aluminum

rod down in the liquid nitrogen and let the aluminum

rod touch the sample. By conduction, the heat went

from the detector up the aluminum rod, and we were

able to reduce the temperature considerably.

CORRUCCI_'I: Essentially you are adding more heat

transfer surface area in that way. Such surface heat

transfer is more a property of the fluid than of the solid,

and it depends entirely on the heat flux that you are

delivering across the interface. Was the metal in good

thermal contact with the exterior through a solid

support or something of that sort?

BLACKMON: Around this specimen was vacuum,

and we could only assume that it was these air bubbles

that were preventing the specimen from getting down

to the temperature of liquid nitrogen. I was wondering

if it might be expected, with copper or any other

material, that you will never get the surface down that

close even though you pour the liquid nitrogen right

up against the surface.

COaRUCCINX: W_S there active boiling?

BLACKMON: Yes, and it was allowed to settle for over

an hour.

CORRUeCINI: But were these bubbles stationary on
the surface?

BLACKMON: Yes, right against the surface. You

could see them with a microscope.

CORRUCCL_I: In that ease, I don't know what your

trouble was unless your temperature measurements

were way off. If it were actively boiling, it would just

be the film AT; if not, then I don't know.

GAUMER: I would like to comment again on this heat

loss by residual gas conductive losses. I think the

applicability of the Knudsen equation is at least

questionable. We are looking into this, and it turns

out to be rather abstruse theoretically and a difficult

problem in that respect. But, practically, it is never

a difficult problem. It is a very simple thing to do.

You make a run at 10 -4, you make another run at

10 -a, 10 -6 and so on. When you get the same apparent

emittance at successively lower pressures, it seems

physically obvious that you cannot have a pressure-

dependent loss term. Now, we have done this, and

we find that below 10 -e for sample temperatures

around 200 ° K there is no change in apparent emittauce,

which tells us, regardless of what the theory is explaining

the mechanism, pressure is not having an important

effect on the apparatus.

Bzv^Ns: Yes, but Dr. Caren of your group does

need his low pressures because of the level of the heat

fluxes involved at these low temperatures.

GAUMER: That is true, but he has l0 -_0 using liquid

helium. You are quite right; we require a very low

pre_su re there.
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This paper isan introduction to the discussion of measuring techniques for the emittance

of spacecraft surfaces. It discusses the required physical properties and their' ranges for the

thermal design of spacecraft. The parameters affecting thermal equilibrium are discussed;

the emittances of the spacecraft surfaces in various wavelength regions are important phys-

ical propertie_ for the thermal design. The various types and properties of radiative fluxes

to and from the spacecraft are summarized. From this, the required ranges are derived

for the determination of emittance and transparency of surfaces. Requirements are given

for one type of surface important to the Manned Lunar Landing Project.

The design of the first U.S. satellite, Explorer

[, required the study of a new problem, which

is now generally known under the term, "ther-
mal design" (ref. 1, 2, 3, 4, 5, and 6). Without

a thorough analysis of all thermal aspects, the

temperatures may fall anywhere within the

range of 200 ° to 500 ° K and may also fluctuate

in the whole range. This range exceeds by far
the tolerances of instruments and batteries.

By proper design this range can be narrowed

to a band of 4-30 ° C or, in some cases, to 4-15 °

C by passive control. A Closer temperature

control can be obtained by various degrees of
active or semi-active controls. Parameters af-

fecting the thermal design fall into three classes:

(1) mechanical design parameters, such as

size, geometrical shape, component ar-

rangement, etc.

(2) physical properties, such as thermal con-

ductivity, thermal emittance, contact re-

sistance, outgassing, etc., and the de-

pendence of these properties on the effects
of the space environment.

(3) orbital characteristics, attitude of the

spacecraft and position relative to the

sun, depending on day and hour of

launching.

Control of the on-board temperatures can be

achieved passively by selecting the time of

launching, emittance of the surface materials,

and attitude of the space vehicle. The surface
emittances and the time variation of these

emittances due to the space environment are

the most important parameters, once the time
of launching and the attitude are determined.

The same is true for active control systems
which utilize variable control surface.

Prior to 1957, a comparatively small research

effort went into the thermal emittance analysis

and into the measuring techniques for determin-

ing emittances in the visible and IR (infrared)

spectral regions for this purpose. The advent
of the first satellites brought an increased in-

terest in this subject. However, the excellent

record of Explorer I, which was kept at 21 o 4- 20°

C throughout the battery life of three months

(ref. 3 and 4) seemed to indicate that there is

no problem, or that all the problems had been

solved. Consequently, temperature-measure-
ment sensors were eliminated from subsequent

Explorer satellites because of limitations in the
available telemetry channels. However, due to

the failure of Explorer III after 43 days and sim-

ilar occurrences in other spacecraft, it was found

necessary to measure temperature in all suc-

ceeding spacecraft. These early experiences are

interesting if we compare them with the present

efforts. Now, thermal design is a well-estab-

lished and recognized part of every space

vehicle effort. The necessity for flight testing

69
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TABLE 9--I.--Types of Radiation Affecting Them_al I_uilibrium qf Surface o/ Spacecraft

X of inaximum

Type of radiation Blackbody Temperature °K Spectral [nten- Other characteristics

_ity at Ca)

O. 48Direct solar ...........

Earth-albedo; Lunar-

albedo.

IR radiation from sur-

face o;_ earth.

IR radiation from at-

Approximate wave- I

lenzt h---tangle (_')_' 2

0.2 to 3 ..... 6000_

0.2 to 3*- _ _ 6000 ....

3 to 30 ....

3.5 to 35 .....

(I. 48

288 (mean value)__ 1 10

250 (mean value)__ l 1. 5

Collimated within 8-sec.

arc circularly polarized.

Hemispherically diffuse

radiation, high contents

of polarized light.

Hemispherically diffuse

ra_iiation.

tlemispherically diffuse

mosphere.

IR radiation from sur-

face of space vehicle.

IR radiation from sur-

face of moon.

Solar UV; Solar X-ray;
Van Allen radiation;
Cosmic radiation.

X-rays; v-rays, neu-

trons from nuclear

devices on board.

3 to 30_ _ Typical value 288___

10 to 100 .... 120 _.

[ 2 to 20 ...... 400 ....

0.1 to 0,2 .......

radiation.

10 Depends on surface

material.

24 _Very likely hemispheri-

7 J caUy diffuse radiation.

This is not important for

the heat flux balance,

but affects design sur-

faces.

• I Effects on both the ther-

mal flux equilibrium

and on damage to

thermal design sur-
faces.

*It Is generally assumed that the spectral distribution of the albedo (reflectance of earth and similar bodies) is such that tbe reflected radiant flux has

the same spectral distribution as that incident from the sun. It is not known how accurate this :*ssumption Is in the whole solar spectrum.

of temperature sensors is generally accepted.
The purpose is twofold: (1) monitoring (to
determine the effectiveness of the thermal

design), and (2) testing of specially prepared

sensors (to investigate the effect of the space

environment on new control surfaces). It is

gratifying to know that enough high quality

work is being performed to justify a symposium

on the laboratory measuring techniques for

determining emittance. Earlier discussions of

requirements are given in references 2, 4, 5, 6,
7, 8, and 9.

Table 9-I sumnmrizes the types of radiation

that interact with the space vehicle surface and

that have a decisive effect, on its thermal equi-
librium. From this list of the radiative en-

vironment we can determine the requirements
for measurements and for the simulation of the

space environment in the laboratory. (See also

references 6 and 10.)

The physical quantity we intend to determine
is the emittance of the surface materials in all

spectral ranges of electromagnetic waves in the

solar spectrum and the IR spectrum. In com-

puting thermal balance for spacecraft it is

necessary to consider the radiation properties

of many components; these properties are de-
termined only partly by the internal constitu-

tion of the materials. Another important

factor is the surface texture, and when the

outer layer of material on any component trans-

mits significantly the emittance of the substrate
contributes to that of the whole unit. The in-

formation needed is the emittances of the bodies

as used, for consideration in conjunction with

actual flux magnitudes. Summaries of some

theoretical and experimental results are given in
references 8, 9, 11, 12, and 13.

There is an unfortunate confusion in the

area of the nomenclature. However, some ex-
cellent work on standardization has been done

by NBS (ref. 14). Figure 9-1 describes a

typical situation for a spacecraft. The space-

craft radiates energy in the IR spectrum and
absorbs electromagnetic energy in the UV

(ultraviolet), visible, and near-IR from the sun,

and the longwave-IR radiation from the earth

and the atmosphere. The albedo (reflectance)

of the earth and similar bodies provides some
reinforcement of direct solar radiation. For
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FIGUR_ 9-1.--Typical blackbody energy fluxes of spacecraft radiation environment.
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components of nuclear systems we can expect

that the spacecraft will also emit energy in the

near infrared and visible spectrum. In all

cases, we deal with the same physical phenome-
non. According to Kirchhoff's law, we have

the general relationship (ref. 15)

a=, or _/,=1 (1)

which applies for all types of specimens. The

conventional definition is being used for a and

E by referring them to a blackbody flux at a

given temperature. Figure 9-1 shows sche-

matic spectral distributions of the blackbody

fluxes in various temperature regions significant

for spacecraft. The dotted line under the

Eh_ooo curve shows the fraction of blackbody

flux that might be absorbed by the spacecraft

in this spectral region. The emittance or ab-

sorptance is a dimensionless number given by

the ratio of the integrated energy fluxes.

'® E¢lx
_0 (2)

692-146 0---63--6

where

Er spectral radiative flux of specimen, at

temperature T

E_._ spectral radiative flux of blackbody at

temperature T

X wavelength.

For each of the blackbody flux curves (fig. 9-1)

the total emittance values needed may be com-

puted with equation (2). The integral from

zero to infinity of the blackbody flux curves

should be used only for specific blackbody

temperatures. This is indicated by the index
Tin equation (2). According to equation (1),

emittance and absorptance values of a specimen

are identical at any wavelength or summed for

all wavelengths. Ratios of various emittances

(or absorptances) should not be used without

indication of the respective temperatures for

which they apply.

It should also be pointed out that for some

systems, the energy emitted via radio antennas,
which covers emittance in another portion of

the electromagnetic spectrum, is not negligible
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in the energy househohl of the spacecraft. For

some materials, especially those with mirror-

type surfaces, the important quantity is the

reflectance 0. We know that according to

energy considerations we have for opaque bodies

p= l - _ (3)

which means that for opaque bodies the quan-

tity _ is sufficient to (tcfine the radiative prop-

erties. For measuring procedures in the labo-

ratory, the following well-established symbols
are used (ref. 15):

p reflectance

emittance

ct absorptance

These quantities are all ratios. Reflectance and

absorptance are fractions of incident flux.

Emittance is always a fraction of the radiative

flux of a blackbody at the specimen tempera-

ture; hence, for equations (l) and (3) to be

valid, p and a must also represent fractions of

the same blackbody flux. All three quantities

cart be used to describe the radiation property
of a material and can be converted from one to

the other by equations (1) and (3). It is

arbitrary which one we use; however, it wouht

simplify matters if we convert all values to one

of the three. I would propose using only the

emittance for the definition of the physical

properties, and indicating the applicable t en_-

perature by subscripts, such as e_a_), e.,ss, _3o0,etc.

The often-used symbols _._or c_, for emittanee
or absorptance of bodies for radiation in the

solar spectrum requires a better definition of the

solar spectrum used for the conlputation.
Standardization would be highly desirable.

It is generally assumed that satellite temper-

at.ures depend on the ratio of emittances _/_oo

which is identical with a._/aaoo. It should be

pointed out that this ratio must be used in

conjunction with actual flux of incident solar

energy and allowances made for frequent

changes in flux of both incident and emitted

energy accompanying changing temperatures in

outer layers of the satellite. The mean temper-

atures of several spacecraft having the same

a.,/a3oo ratio can be quite different. From the

types of radiation listed ill Table 9-I, we can

derive the requirements for simulation in the

laboratory.

The spectral emittance is needed as a function

of angle of incidence i, temperature T, the

amount p, and angle 0 of polarization of incident
radiation.

In tit(, case of IR radiation, spectral emit-

lance is needed because effective temperatures

have to be eorlsidered in the range from cryo-

_zcnic tenll)eratures to white-hot surfaces. In

the latter c_se the whole range of radiation from
visible to I R is required. A much neglected

area is the spe('tral range from 15 to 100 microns

and above. The equilibrium temperature of a

space vehi(.le in a low earth orbit, but shielded
from the sun, is about 200 ° K. At this tem-

perature 75% of the IR radiation is emitted

above 15 microns. Extrapolated values of the

spectral emittance are likely to be in error. If

values considerably above 15 microns are not
available, total emittance values for a number

of typical temperatures may be more mean-

ingful. The following temperatures are sug-

gested as typical for the surfaces of spacecraft

materials in equilibrium with the space environ-
ment: 150 °, 200 ° .... 450 °, 500 ° K. For

interplaneta_ T probes close to the sun or to the

outer planets these limits will have to be ex-
tended. Both total normal and total hemi-

spherical (,mittances are needed. Measure-

ments such as these are directly applicable to

the analysis of thermal design parameters, and

supplemenl tim spectral emittance measure-
nlelltS.

For matcri:ds that are transparent, or partially

transparent, it is necessary to measure both
emittance and transmittance of each layer of a

multilayev system, e.g., optically coated glass
slides over solar ceUs. We need for each layer

spectral emit tance and spectral transmittance,

us fun(qions of angle of incidence i, temperature

T, the amount p, and angle 0 of polarization of
incident r_diation.

Experimental techniques for measuring emit-

tanccs of space vehicle surfaces are of interest

in considering thermal radiation properties of

materials in the range of satellite temperatures

(refs. 16, 17, IS, 19, 20, 21, and 22). Instru-
ments ['(>r su(.h measurement are well known to

b_vestigat<>rs in this field under the following

<lescriptiv_+ tern:s: portable fieht instrument,
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calorimeter, specular integrating hemisphere,

Hohlraunl, total normal emissometer, and re-
flectometer.

A paper by Neel and Robinson (ref. 22)

describes measuring techniques and results of

a space experiment that was flown on the S 16,

also known as the OSO (Orbital Solar
Observatory).

Laboratory techniques allow us to determine
the emittance of well-defined surfaces. We

can subject these to various types of simulated

environments and study the effect on the emit-

tance. The space experiment shows us how

good our assumptions were. This type of

experiment is very important for tile develop-

ment of thermal design surfaces for space

application. Until now, this type of experi-

ment has been neglected. However, more

emphasis is now being placed by various organi-

zations within NASA on thermal sensor experi-

ments. Two examples are a follow-up experi-
ment on the ()SO and a set of sensors on a

Saturn vehicle.

One point that cannot be overemphasized

is the importance of a complete description of
the surfaces of materials that are to be measured.

Results depend ver b" strongly on the prior

history and preparation of a surface. It. is

necessary to know whether the sample in the

laboratory is the sane as the surface on the

spacecraft.

The emittance requirements for space vehicles

employed in the Manned Imnar Landing

Project are particularly for surfaces on tile
upper stages of the Saturn systems and the

Apollo systems. The emphasis for both appli-
cations is on solar reflectors with low emit tanee

in the solar spectrum range and high emittance
in the IR spectrum range around 10 microns.

Requirements can be summarized as follows:

(1) easy applicability

(2) little or no change due to aerodynamic
heating and other atmospheric effects,

and to vehicle vibration, etc.--thorough

laboratory and flight testing required

(3) little or no change due to the space en-
vironment, such as UV, other radiation,

thermal effects (especially thermal cycl-

ing), micrometeoroids, etc.---thorough

laboratory and flight test program re-
quired

(4) low weight

(5) low cost

The radiation properties of a coating on a

metallic substrate and compatible with the

other requirements should be

_, as low as possible (0.2)

_300as high as possible (0.8)

r, may be from 0 to 1 (if it is >0, the under-

lying metal surface shouht be polished)
r30_,to be 0

In most cases, "white" coatings are considered
to be opaque in both the solar and IR spectruin.

From this list it. should be apparent that opaque-

hess is required only for the IR and that a

"transparent" coating on a polished metal

fulfills the same requirement as a "white"

coating. If the environmental effects (luring

the boosting phase or the space enviromnent

cannot be eliminated, it is necessary to deter-

mine exactly the expected changes. These
changes have to be reproducible and have to be
known within close tolerances.
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IO--THE REFLECTIVITY OF SOLIDS AT GRAZ-
ING ANGLES

BY W. M. BRANDENBERG

GENERAL DYNAMICS/_STRONAUTICS, SAN DIEGO, CALIFORNIA

An integrating spherl, r(_ff(_ctomet(_r for reflectivity measurements of imperfectly dif-
fus,,d samples as a function of angle of ineid(.nc(_ from 15° to _o is described. The measure-
mcnts ext(q_d ovtw a waw,hq,gth region from 0.19 to 2.65 #. The performance of the
integratin_ sph(,re is tested against theory and an error analysis is included.

The reflectivity of a surface is defined
as the ratio of the reflected to the incident

flux. It depends on the surface material,

the wavelength of the incident radiation, and

the angle the incident rays make with the

normal to the surface. There are in principle

two ways of measuring the reflectivity of an

imperfectly diffuse surface (fig.10-1).

SOURCE
HEMISPHERICAL

%, DETECTO_

• " I.(I) SAMPLE
Q,

ETECTOR
HEMISPHERICAL
SOURCE-._

b.

F]c.vag 10-1.--Reflectometers: a--unidirectional, and
b--diffuse illumination.

l. A collimated beam of monochromatic

radiation is incident on the sample surface

at an angle O to the normal of the surface.
The sample is placed at the center of a

hemispherical detector of uniform sensi-

tivity. The ratio of the reflected flux as

measured by the detector to the total

incident flux is equal to the reflectivity of

the sample at the angle O.

2. The sample is placed at the center of a

hemispherical source of uniform brightness.

The reflected flux is measured by an uni-

directional detector making an angle 0

with the normal to the sample-surface. The
ratio of the reflected to the incident flux

is again equal to the refleetivity of the

surface at the angle O.
It can be shown, using Helmholtz's reci-

procity theorem (ref. 1), that the reflectivity

measured by the two arrangements is the
same.

As early as 1899, Paschen devised a hemi-

spherical collector for diffuse reflection measure-

ments. Since it was impractical to build a

detector of uniform sensitivity, he replaced

the detector by a polished and silvered hemi-

sphere. The sample and the detector are

placed next to one another at the origin of

the hemispherical mirror which focuses the

radiation reflected from the sample onto the

detector (fig.10-2a). Many modifications of

._ j--DETECTOR

,,oo.c s°°"c 2
j_. SILVERED _'_/ /"

.E.ISP.ERE 

SAMPLE"I L \ "I I' ,EC,OR \ /
a. b°

F_ug_ 10-2.--Refleetometers: a--mirror and b--
integrating sphere.

these so-called reflectometers have appeared

over the years (ref. 2 and 3); some of them

are built for varying angle of incidence. How-

ever, no one has ever completely solved the

75
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problem of how to calibrate these reflectometers

over the whole angular region.

A hemispherical source of uniform brightness

is obtained by the use of an integrating sphere

(fig. 10-2b). Integrating spheres have long
been used in various ways in the photometry

of light sources (Ulbrichtische Kugel). Such

a sphere is usually made of two hemispherical

metal caps which are coated inside with mag-

nesium oxide (MgO). The application of the

sphere to diffused reflection measurements is

based on the assumption that the MgO coating

reflects radiation according to Lambert's cosine

law. As shown in fig. I0-2b, a collimated
beam of radiation is directed through a port

onto the wall of the sphere where it is diffusely

reflected. The individual rays will again be

diffusely reflected so that uniform radiation

density inside the sphere and uniform bright-

ness over the surface of the sphere results.

For uniform illumination the sample may be

placed anywhere within or on the surface of

the sphere. For angular reflectivity measure-

ments it is most convenient to place the sample

at the origin of the sphere. If the sample

is made to turn around its normal as well

as around an axis perpendicular to the plane

of incidence, reflectivity measurements for

all directions of incidence are possible. Such

an integrating sphere reflectometer is de-
scribed in the next section.

INTEGRATING SPHERE REFLECTOMETER

Experimental Arrangement

The experimental equipment consists of a

tungsten or ultraviolet lamp as a source, an

integrating sphere, a double-beam spectrometer

covering the wavelength region from 0.19 to
2.65_, a l)hototube or lead sulfide detector, a

chopper, a low-frequency amplifier, and a

recorder (fig. 10-3). The mount holding the

sample at the (:enter of tile sphere is in the

form of a half cylinder. It turns around the
vertical diameter of the sphere. The back of

the holder is covered with MgO. The filament

of the tungsten source or the arc of the ultra-

violet lamp is focused, by a quartz lens, onto
the I)ack of the sample holder from which the

t'_(liation is diffusely reflected. Due to the

cylindrical stmt)_' of the holder, the radiation

;'--- ' ......... ', ' l

; i , ...............
/'-_ I I \/ \ , ' I \/ I , _ (_ I

I i', ,,"V

...................... J

I. TUNGSTEN OR U.V. SOURCE ,5. BEAM COMBINER

2. INTEGRATING SPHERE 6. MONOCHROMATOR

3. SAMPLE 7. PHOTOTUBE

4. SOURCE-OPTICS 8. LEAD SULFIDE DETECTOR

FI(_(:I_: 10 3.-- Optical schematic of integr,'tting sph,,re reflectometer.
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x

77

JG SPHERE

SAM PLE d,g,
D SAMPLE BEAM

¥

[ MONOCHRO-

MATOR SLIT

FZGtTRr:10-4.--Beam geometry of integrating sphere reflectometer.

from the source is always scattered from the
same point within the sphere as tile sample is

turned through the polar angles from 0 ° to 90 °.
To allow measurements over the azimuthal

angles, the sample can be turned aroun(1 its

normal axis. The spectrometer is a double-
beam instrument. The two beams have the

entrance slit and the optics of the spectrometer
in common so that both the reference and the

sample beam subtend the same solid angle at
the detector. The wall of the integrating

sphere serves as the reference. The chopped

signals, as received by the detectors, are

amplified and the ratio of the two signals is

displayed on the recorder. Tile recorder shows
the flux ratio of sample to reference beam which,

as will be shown, is equal to the reflectivity of

the sample.

Theory

The geometry of the beams is described in a

rectangular coordinate system with its origin

at the center of the sphere, figure 10-4. The

x-axis lies in the plane of the sample surface
and coincides with the rotation axis of the

sample hohler. The sample lies in the xy-plane

so that the z-axis is normal to the sample
surface. The reference beam and the beam

reflected from tile sample lie in the yz-plane.

Let 0 be the polar angle of incidence measured
from tile z-axis and 4) the azimuthal angle of

incidence as measured from some arbitrary

reference line on the sample. Similarly, the

points on the sphere surface are described by
(R, 8', ¢') where R is the radius of the sphere.

The energy radiated from a unit area per unit

time per unit wavelength into solid angle dft
is called the monochromatic surface brightness

B d _ dEd_
x U=d--_--_X (ergs-sec-1-cm-3-sr). (1)

The monochromatic intensity incident per unit

sample area (A,) from an area dA at (R, 0', dp')
of the integrating sphere wall is

dE_ , ,
Bx (O , ¢J') cos O'dft'dlx_: dA,dtdh--

(ergs-see-l-em -3-sr) (2)

where

B_(0', ¢')=brightness of the sphere wall at

(R, t_', _') normal to the wall

dA ,.,
dft'=_-=sotm angle subtended by dA at the

sample (sr).
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The monochromatic intensity reflected by the

sample and incident Fer unit detector area (AD)

at (D, 8, (_) is given by

dE, B_(O, 4,)d_
dlx,-- dADd telX

(ergs-see- Lcm-3-sr) (3)

where

Bx(O, dp)=brightness of the sample in the

direction (8, ¢)

d_=dA_ cos O/D2=solid angle subtended by the

sample area dA, at the de-

tector (sr).

The monochromatic intensity of the reference
beam incident on the detector from an area dA

at (R, 0_,4)_) of the sphere wall is

3_

dI_--dA_'tdX = B'xo( Oo,4,_ , a)d_

(ergs-sec- Lcm-Lsr)

where

(4)

!

B_o(O'o, cho, a)=brightness of the sphere wall
p

at the point (R, 00, (_) in
the direction a of the ref-

erence beam

d_=dA cos a/d2=solid angle subtended by the
reference area at the detec-

tor (sr)

a=angle between reference beam
and normal to the wall at

p

(R, Oo,+o).

Use has been made of the fact that the solid

angles of the reference and sample beam are the

same. The reflectivity of the sample as meas-

ured by the detector and displayed on the

recorder is, according to equations (3) and (4),

equal to

dlx, B_(O, 4,)
p_.=_--- _,, _o, _, _) (5)(_1XO L_),okVO, U20,

Equation (5) gives the true reflectivity of the

sample for all angles only when the wall bright-
ness B_ is uniform over the hemisphere subtend-

ing the sample and if the radiation of the wall
is completely diffuse. When this is not the

case the measured reflectivity is in error. The

error depends on whether the sample is specular

or diffuse or partly specular and partly diffuse.

SeECULAR SAmeLE

A specular sample reflects radiation in such a

way that the angle of reflection is equal to the

angle of incidence. Therefore, for a specular

sample the rettectivity is given by the ratio of

the sample brightness to the wall brightness

]2,_(o,4,) (o=o', 4,=4,'). (6)

Substituting from equation (5) for the sample

brightness gives

°_'=P_ B_(O',4,') =px,_. (7)

The monochromatic brightness ratio 7x describes

the brightness distribution over the integrating

sphere. Obviously, if the brightness distribu-

tion is completely uniform the brightness ratio
is equal to one for all angles and the true reflec-

tivity of the sample is equal to the measured

reflectivity. The brightness ratio was measured

at _--0.546 u with a silvered mirror as a sample

(fig. 10-5). in the horizontal plane, which

b-

in

i I

I i

• |

I I I |

ANGLE OF INCIDENCE

_'. 40 °
I |

÷' • 20"
| ¢

70 80

l= $"

FIGURE 10-5.--Brightness ratio plotted against angular

position.
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is the plane of incidence for specular samples,

it did not vary by more than 2%.

DIFFUSE SAMPLE

A sample is diffuse if the incident radiation is

reflected according to Larnbert's cosine law.

Namely, the brightness of a diffuse sample is
the same when viewed from different angles.

The intensity, averaged over the hemisphere,
which is incident on the sample, is according to

equation (2)

f
(/_t)_v flo 1

-fo Yo
(s)

where the integration is over the henfisphere

subtending the sample. Using equations (3),

(5), and (8), the true reflectivity of a diffuse

sample is given by

dI_, _rB_(O, ¢)

(I_O_d_--Ji-- B_ (O', 4,') cos O'dfl'

7_

= m,. [. ! cos O'da' (9)
J0 5'x

Again, it is evident from equation (9) that the

true reflectivity is equal to the measured

reflectivity if the brightness ratio is equal to
one for all angles. The factor

may be calculated for each angle of incidence

using the brightness ratio given in figure 10-5.

It. varies by less than 0.5% from one for all
angles of incidence.

IMPERFECTLY DIFFUSE _AMPLES

Equations (7) and (9) allow the calculation

of the true reitectivity from the measured

reflectivity for specular and diffuse samples

once the brightness ratio of the integrating

sphere is known. Obviously no formula can

be given for the true reflectivity of imper-

fectly diffuse samples. However, the elTor

eta involved in measuring the refleetivity of an

imperfectly diffuse sample is less than the error

obtained for a specular sample and greater

than the error obtained for a diffuse sample.

fo cos O'd_'
1 3'x <e,e<l----1. (10)

_r "Yx

According to figure 10-5 this error is less than
2% but greater than 0.5%.

POLARIZATION EFFECTS

Due to the .mirror surfaces in the mono-

chromator, both beams are slightly polarized

when they reach the detector. Since the beams

travel through the same path, they are polarized

by the same amount. However, a specular

or imperfectly diffuse sample will cause an

additional polarization of the sample beam,
which introduces an error to the recorded

reflectivity. The error due to polarization by

the spectrometer can be shown to be

=,,_/,, _ ]- (11)

where 1--3 is fractional polarization due to

the spectrometer, fl is the ratio of the intensity

parallel to the plane of incidence to the intensity

perpendicular to the plane of incidence, px± is

the monochromatic reflectivity of the sample

for the perpendicular component, pxll is the

monochromatic reflectivity of the sample for
the parallel component, and 0x=(ox±-[-oxll)

is the monochromatic reflectivity of the sample.

For fl=0 (total polarization), the error

is equal to ex-=-px_l.p[_--I and for fl=l (no

polarization) the error is equal to zero as

expected. The fractional polarization of the

beam by the spectrometer used in this experi-

ment (Perkin-Ehner Model 13) is shown in

figure 10-6. The polarization has a maximum

at 0.Su. Figure 10-7 shows the error intro-

duced by this polarization for a glass surface
and a silvered mirror. For a dielectric the

error is a maximum at the polarizing angle

(tan O=n). At this angle, the error is inde-

pendent of the properties of the dielectric and

is simply a function of the fractional polarization

1--fl
e_= (tan O=n). (12)

l+f_
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FxovR_ 10-7.--Influence of angle of incidence on error
due to polarization by spectrometer.

Therefore, the error might be considerable if
the fractional polarization is large. According

to this analysis, a polarizer is needed for accu-

rate angular reflectivity measurelnents in tile

wavelength region where _1. A Nicol prism

may be placed in front of the monochromator
to determine the reflectivity in the parallel and

perpendicular polarizing component separately.
The total reflectivity is then equal to the

mean value of the parallel and perpendicular

component.

EFFECT OF EXIT PORT

The reflectivity determination can also be

affected by the presence of tile exit port on the

sphere, because the sample which is viewing

the hemisphere subtending it sees the exit

port as a black hole. The iUumination of

the sample is diminished by the presence of
this hole. For a diffuse sample the error

introduced to the reflectivity by tile exit port

is easily obtained by equation (9):

Measurement of Thermal Radiation Properties of Solids

7_ _cos O'd_'
e_=l 03)

where the integration is taken over the hemi-

sphere subtcnding the sample, and _', the

inverse nmnochromatic brightness ratio, is

zero over the entrance port. For a sphere

diameter of 8 inches and a porthole diameter
of 1 inch the error at 0.546_ is 1.6°/o.

For specular or ahnost-specular samples, this

error is negligible if the specular component of
the sample beam is not directed through the

porthole. This implies that. the reflectivity of

specular samples cannot, be measured for angles
of incidence smaller than 15 ° . However, this

is not a serious defect of the sphere since the

reflectivity for any sample stays approximately
constant between 0 ° and 15 °.

RESULTS

A check on the performance of the sphere was

obtained by comparing the measured angular

reflcctivity of a black glass sample to the values

obtained from electromagnetic theory (fig.

10-8). Black glass was used to eliminate
reflection from the second surface; its index
of refraction was n:1.517 at 0.546_. The

reflectivities represented by the solid lines were

calculated from the Fresnel equations

1 , 1 (["cos O--(n2--sin 2 0)_-]
px_-_ (p,,± -_Px'I)=:_ d_ LC_ O+(n2 sin 2 0)__]

kn _cosO-+_o)_l J" (14)

LO

.9' BLACK GLASS n • 1.517, k • 0.54,6 I= /_

•8 _ E. M. THEORY /_

.7 EXPERIMENTAL ///J_

>" .6

>

.5 P_,tl" ' 'o

.!

,o zo _ 4o _o so ro eo 9o
ANGLE OF INCIDENCE (DEGREE)

FIOURE 10-8.--Effect of angle of incidence on reflec-

tivity ofglass.
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FIGUR_ 10-9.--Effect of angle of incidence on reflec-

tivity of platinum.

For the total reflectivity, experiment and

theory agree within 0.5%, whereas, for the
parallel and perpendicular reflectivities, they

differ slightly. This is due to insufficient

polarization. At the time these measurements
were made, a Nicol prism was not available, and

ordinary polarizing glass was used instead.

In effect, the parallel reflectivity was mixed

with some of the perpendicular reflectivity

raising its value and vice versa for the perpen-

dicular reflectivity.

Next, the reflectivity of a platinum mirror

was measured at 2-_ wavelength and com-

pared to theory (fig. ]0-9). The reflectivity

of an absorbing media is given by (ref. 4)

' 1 2

i (n--c-o_-O)-t-K2F(n--cosO)2-t-K21

(15)
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where K is the extinction coefficient describing
the decay of the electromagnetic wave in the
media. The experimental values are consist-

ently lower than the predicted values by up to

5%. This was also observed by Edwards and

Gier (ref. 5). A final analysis of the platinum

layer, which was obtained by evaporation,

showed an abundance of 87% platinum, 10%
iron, and 3% tungsten. The decrease in

reflectivity may be a result of these impurities
in the platinum.
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FSGUaE 10-10.1Effect of angle of incidence on reflec-

tivity of some metals.

Figure 10-10 shows the angular reflectivities
of various metals measured with the described

integrating sphere-reflectometer.

CONCLUSION

The unique feature of this integrating sphere

reflectometer is its ability to measure reflec-

tivity at grazing angles (minimmn angle be-
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tween beam and sample plane is 2°).

specifications of the instrument are:

Angles of incidence--- 15 ° to _8 °

Wavelength range =0.19 to 2.65**
Accuracy --better than 20-/0
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DISCUSSION

GAUMER, Lockheed Missiles and Space Company:

The use of the apparatus for other than grazing angle

measurements would be of interest. It would also be

_f interest to know what source is used to enable meas-

urements down to 0.19_*. ()ther similar spheres ap-

parently are limited to 0.25 or ().',{u.

It looks like a Gier-l)unkle integrating sphere on a

model 112 Perkin-Ehner instead of single beam.

BRANI)ENBI,;R(;: The source was a hydrogen arc lamp.

The equipm,,nt is suitable for r_flectance measure-

ments at an_l(_s of incidence from 15 ° to 88 ° from the

normal. The inlegrating sphere is of our own manu-

facture and is a_tached to a Model 13 Perkin-Ehncr

spectrometer.



11mA DYNAMIC THERMAL VACUUM TECH-

NIQUE FOR MEASURING THE SOLAR
ABSORPTION AND THERMAL EMITTANCE

OF SPACECRAFT COATINGS

BY W. B. FUSSELL AND J. J. TRIOLO

NASA GODDARD SPACE FLIGHT CENTER, GREENBELT, MARYLAND

AND JOHN H. HENNIGER

AMERICAN RESEARCH AND MANUFACTURING CORPORATION, ROCKVILLE, MARYLAND

Equipment has been set up for measuring the solar absorptance and thermal emittance

of spacecraft coatings by a dynamic thermal vacuum technique. The apparatus and the
method used are modeled closely on that described by G. D. Gordon. The apparatus con-

sists of: (1), a high vacuum chamber with inner walls cooled by liquid nitrogen; (2), a power-

ful carbon arc lamp.

In operation a test sample coated with the materiM under investigation is suspended in

the vacuum chamber facing a window in the chamber wall. A thermocouple in the test

sample enables its temperature to bc recorded. The sample is illuminatvd by the arc lamp
and its rise in temperature recorded to above ambient temperature. The arc lamp is then

turned off, and the temperature drop in the samtile is recorded. While the arc lamp is

on, its intensity of illumination is measured.

From the sample temperature-time data and the intensity of the arc lamp, the solar

absorptance and thermal emittance can be computed to within =i=7%.

INTRODUCTION

As shown by Hass, Drummeter, and Schach

(ref. 1), the solar absorptance (_) and the

thermal emittance (_) of spacecraft coatings

are of fundamental importance in determining

the equilibrium temperature of a satellite in

space. This is because the input term in the

radiation balance equation of a satellite is

proportional to the solar absorptance and the

output term is proportional to the thermal

emittance. (There are several other factors,

such as the solar illumination intensity, the

satellite orientation, etc., which enter into the

radiation equation, of course.)

There are a number of different methods of

measuring _ and 7. One way of classifying

these methods is by the type and variety of

data obtained. Optical methods measure _and

by the radiation reflected from or emitted by

materials; this radiation may be either spec-

trally resolved or integrated. Thermal methods

measure _ and _ by the temperature or rate of

change of telnperature of materials. Optical

methods require the elimination of, or the

control of, background radiation. Thermal

methods require, in addition, the evacuation

to a high vacuum of the chamber surrounding

the sample of the material being measured.

Also, to obtain _ values by thermal methods, a

light source whose spectral distribution is

similar to that of the sun ("solar simulator")

is necessary, plus instrumentation for measuring

the intensity of the light from the solar simu-

lator.

The different methods for measuring _ and _,

then, are classified as follows:

A. Optical Methods

1. Reflectance Measurements

a. Spectrally Resolved

(1) 0.3-2.5 #, for

(2) 5-35 #, for

83
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b. Integrated
(1) Light Source X Detector Re-

sistance must match solar spec-

trum approx., for

(2) Ligilt Source X Detector Re-

sponse must match 300 ° K

blackbody approx., for

2. Emitted Radiation Measurements, for

only

a. Spectrally Resolved

(1) 5-35
b. Integrate([

B. Thermal Methods

1. Equilibrium Measurements
a. With Electrical Heating for

b.,With Solar Simulator as Heater, for

_,_
c. With Solar Simulator, for _ (Water

Calorimeter)

2. Dynamic Measurements
a. With Solar Simulator as Heater, for

and

b. Adiabatic Cooling, for 7

It is now appropriate to run through the

above outline in sequence and to describe in
detail the instrumentation available for each

method, its advantages and disadvantages, and

the accuracy and validity, from the thermal

design viewpoint, of the data obtained.

Ala(1), Spectrally Resolved Reflectance Measure-

ments from 0.$ to 2.5 p, for

This wavelength region contains 95.3% of

the sun's energy (ref. 2); there is 1.2% below
0.3_ and 3.4°-/0 above 2.5p. Total reflectance

measurements can be made to a precision of

:k0.5% absolute (that is, for example, a reading

of 11% reflectance lies between 11.5 and 10.S°/v)

with a Beckman DK-2 spectrophotometer with
an integrating sphere reflectance attachment,

for example. However, the in,grating sphere

is most accurate when the test sample reflect-
ance is near that of the reflectance standard

used, and, furtheI_mre, when the polar reflec-

tance patterns are similar (ref. 3). Thus, a
specular sample shouht be measured with a

specular standard and a diffuse sample with a
diffuse standard. ]f the test sample is neither

perfectly diffuse nor perfectly specular, but

falls somewhere in between, it may be difficult

to obtain a reflectance standard having a similar

polar reflectance pattern. In this case, th-

accuracy of the measurement may be questione
able since the average number of reflections

undergone by light reflected from the test

sample before it reaches the detector, may not

be equal to the average number of reflectances

undergone by light reflected from the reflectance

standard. If the interior coating of the sphere

possessed a reflectance of 100%, this difference

in the average number of reflections would be

unimportant, since it, is the light absorbed at

each refle(_(iou which produces a difference

between r_eastlrements otherwise equal but

having a different average number of reflec-
tions. The hi_hest reflectance obtainable for

a sphere ('oatb_g at present is about 98_0 (in
the visible) with a thick (several millimeters)

coating of _nagnesium oxide, and so there is a

possibility of error in reflectance measurements

with an integrating sphere on materials [raving

both a (tiffuse and specular component of
reflectance. Urffortunately, there is not at

present a good theoretical treatment of the

integrati_g sphere when used with materials of

this type, so that the magnitude of the error
for these materials is difficult to estimate.

Since solar illumination will usually strike
tim exterior surface of a satellite at both normal

and non-normal incidence, it is important to

know the variation of the solar absorptance of

a material with angle of incidence. If the op-

tical constants, n and k (n being the index of

refraction and k the extinction coefficient), of
the material are known at a reasonable number

of wavelengttis in the 0.3-2.5_ range, then

Fresnel's equations (ref. 4) enable its solar

absorptance to be computed at any angle of in-

cidence. It is also possible to compute the

solar absorptaIlce of a material at a given angle

of incider_ce from i[s total reflectance spectrum

obtained experimentally. Although the con-

ventiona] integrating-sphere reflectometer gives
the total reflectance for normal (or near-normal)

illumination only (u quantity called tire "nor-

real total reflectance"), a modified design of

integrating sphere has been made_ which allows
total r(_flectance to be measured at angles of

incidem'(, from 10 deg to 80 deg.

_By tiler u[_d I)unkle, Thermal Instruments, Los

Angeles 6ti, C,tlif,
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Mathematically expressed, the procedure for

computing the solar absorptance of a given

material from its total reflectance spectrum at
a given angle of incidence is:

_(O)= 1--_(0), (1)

_(0) ==,_:o._.
_ _- m_ HxdX

=0.3.

(2)

wh ere

_(0) solar absorptance at angle of incidence 0

Rx(O) total reflectance at wavelength _, at 0
Hx solar extra-terrestrial spectrum 2

_(0) solar reflectance at 0.

In practice, the integrals in equation (2) are
approximated by discrete summations.

An experienced technician can measure the

total normal reflectance spectrmn of a sample
through the solar region on a conventional re:

cording, integrating sphere spectroreflectometer

and compute its nomlal solar absorptance in
approximately 2 hours, using manual read-off

and data reduction techniques. Digital read-

out and computer data integration would reduce

this time drastically.

Ala(2), Spectrally Resolved Reflectance Meas-

urements From S to 35/z, for

This wavelength interval contains 91.0% of

the energy of a 300 ° K blackbody, 1.3% of its

energy being radiated at shorter wavelengths,

and 7.7% at longer wavelengths (using for C2,
the second radiation constant in Planck's func-

tion, the value 1.438 cm-°K). Total reflec-

tance measurements can be made in this region
by a hohlraum (heated oven) attachment to an

infrared spectrophotometer, 2 or by a Coblentz

hemispherical mirror attachment to an infrared

spectrophotometer? The heated oven has two

openings, one of which allows the insertion of a

water-cooled sample holder which keeps the

2 For example, a Perkin-Elmer model 13 infrared

spectrophotometer in conjunction with a Perkin-Elmer

model 205 diffuse reflectance attachment.

a Such as a Beckman hemisphere reflectance attach-

ment used with a Beckman IR-7 infrared spectro-
photometer.

sample at a reasonable temperature (100 ° F),

even though the oven may be very hot (1100 °

C). The other opening allows the infrared
spectrophotometer to view either the interior

wall of the oven, or the sample. It thus acts
as the radiation source for the spectropho-

tometer. The Coblentz hemisphere is really
an approximation to an ellipsoidal mirror and

is based on the light-collecting properties of

such a mirror, all light reflected from a sample

placed at one focus of the ellipsoid being col-
lected by the mirror and brought to a focus at

the conjugate focus of the mirror. Thus, an

infrared detector placed at the conjugate focus

will respond to the reflected light from the

sample; if the field-of-view of the detector is

wide enough to encompass a complete hemi-

sphere, then the detector will measure the sam-

ple total reflectance (provided also the detector

has uniform spatial sensitivity).
The hohlraum oven can be used to make

either absolute or relative total reflectance

measurements. The interior wall of the oven

is approximately an isothermal blackbody and

provides in this manner an absolute standard

of radiation (the fundamental requirement here

is that the wall of the oven be at least spatially

uniform in the sense of having a uniform bright-

ness--at each wavelength of measurement--

when viewed from any direction) against which

the reflected light from the sample can be com-

pared. It is also possible to use the hohlraum
oven for relative reflectance measurements by

making two runs, one giving the sample re-

flectance relative to the oven, the other giving
the reflectance of a standard whose absolute

reflectance is known relative to the oven.

By the principle of reciprocity (ref. 5), it can
be shown that the total reflectance of a material

illuminated at a given angle of incidence, as

measured by an integrating sphere or collecting

mirror, is equal to the total reflectance of the
material under conditions of uniform diffuse

illumination, the reflected light now being

viewed by a detector at an angle equal to the

given angle of incidence. The essence of the

proof of this statement is the reciprocity of the

transfer function, denoted by _-(0, 0'), which

describes the amount of light incident at an

angle, 8 (from a small element of solid angle dw),
which is scattered into a small element of solid
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angle about the angle of reflection, 0 (for sim-

plicity, the transfer function is assumed not to

depend on the azimuthal angle, _b; the proof
still holds even if T is a function of _). The

principle of reciprocity is that

-_(o,o')-=-_(0', 0).

The measurement procedures and the data

reduction procedures for computing the total

hemispherical emittance and the total normal

emittance of a nmterial are expressed concisely

by the following equations:

_.(T)--Z_(T), (3)

an(T) = 1--_n(T), (4)

fx-35. ]_= p(O, X)2_rsin 0 cos OdOJ_(T)d'h
t"

-- trrr_ ,/x=5_ JO=o

J-o sinocosodoa ( ) lX

where

[n( T)

_H(T)

"_,,(T)

p(o, x)

J_(T)

;N(T) --_N(T),

Z_(T) = _- ;,.(T),

f xi_f" oN(x)J_(T)dx

(5)

(6)

(7)

(s)

total hemispherical emittance at tem-

perature T ° ,4,

total absorptance for completely diffuse

blackbody radiation at temperature

T (by Kirchoff's law of radiation,

"in(T) and _n(T) are equal) (ref. 6),

total reflectance for completely diffuse

blackbody radiation at temperature
T ° ,

total reflectance for illumination of

wavelength X incident at angle 0,

Planek blackbody function for the total

radiation of a blackbody per unit

area, and per unit wavelength in-
terval at T and X:

C_= 1.191 X l0 -5 erg-cm2-sec -',

02= 1.439 cm-°K,

_._(T)

total normal emittance at T,

total absorptance for normally incident

bl._ckbody radiation at temperature

T (Sx(T)=;,_(T) by Kirchoff's law

of radiation, as noted above),

tolal reflectance for normally incident

bhwkbody radiation at temperature
T.

In the a(.tu_d computation, of course, the

integrals in eqtmtions (5) and (8) are replaced

by discrete summations. In the hohlraum re-
flectometer and the Coblentz-hemisphere re-

fleetometer described above, the quantity

measured is p(0, k), the total reflectance at

wavelength k for normally incident radiation.

A variable angle of incidence hohlraum can be

obtained commercially, however, and allows

values of p(O, X) to be obtained over the range
from 0=20 ° to 0:70 °.

If experimented data on p(0, X) is lacking and

only data for p(0, _) is available, the integration

indicated in equation (5) with respect to 0 can

be carried out by using the theoretical varia-

tion of p(0, k) with 0. Details of this procedure

are given in Jakob's excellent work on heat
transfer (ref. 7). The process consists, basi-

cally, of assuming the material in question to be
an isotropi(_ substance whose optical constants
are known and which has a smooth flat surface.

In this c_se Fresnel's equations (ref. 4) can be

used--as r,_entioned previously--to calculate

the reflect_uce p(O, X) for any 0 at any k for

which the optical constants are known. Since
smooth surfa('es are required by the theory,

this excludes roughened and diffusely reflecting

surfitces. .[akob presents tables and graphs

(ref. 8) giving the ratio of total hemispherical

emissivity to _ot.al normal emissivity as a func-

tion of total normal emissivity for electrical

(.onductors and insulators. By means of these

data, values of total normal emittance obtained

from optional measurements can be converted

to total hemispherical emittance, the quantity

of interest for thermal design purposes.

An experienced technician using a conven-

tional infrared recording spectrophotometer, at-
tached to a hohlraum as described above for its

radiation source, can measure the total re-

flectance spectrum of a sample over the thermal

region and read off and reduce the data manu-
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ally to a total normal emittance value in
approximately a day or a day-and-a-half.

Alb(1), integrated (Non-Spectrally Resolved)
Reflectance Measurements Over the Solar
Spectrum, for

If a light source and a detector combination

call be found whose combined response func-

tion matches the solar spectrum approximately

(such a device should not be difficult to con-

struct), then this source-detector combination

could be used with an integrating sphere or col-

lecting mirror total reflectometer to give solar

absorptance values for materials directly. For

many common spacecraft coatings (e.g., alumi-

nmn, gold, silver, black and white paints) the

spectral match between the light source-

detector response function and the solar spec-

trum need not be particularly close on a high-
resolution basis. The important thing is that

the average absorptance for the light source-

detector spectrum should be close to the average

absorptance for the solar spectrum. That is,

-- . ! h :0.3)

J ),=0.3_

(9)

the solar absorptance, should be approximately

equal to

x =2.5_ co, sxd),

--r J X =0.3, (lO)
[-x=2.5, s_(tX

.] X=0.3#

the average absorptance for the light source

detector spectrum, where

a_ absorptance at k,

s_ source-detector spectral intensity at k.

Practically, it, seems that an incandescent
lamp with a suitable filter and a fiat thermal

detector such as a bolometer or thermopile
might work. Possibly an incandescent lamp

in conjunction with a phototube having an S-1

response would be acceptable. It was found

(report. being prepared by Triolo) that a carbon

arc with rare-earth-cored carbons is a good
solar simulator in the above sense.

Alb(2), integrated Reflectance Measurements
Over the Thermal ($00 ° K) Spectrum, for

If a radiation source-detector combination

can be found whose combined response function

matches the spectrum of a 300 ° K blackbody

approximately, then this source-detector com-
bination could be used with a collecting mirror

total reflectometer to give thermal emittance

values for materials directly. The bohlraum

reflectometer used in conjunction with a fiat

thermal detector would obviously need filtering

if operated in its normal temperature range

(800-1000 ° C).
It is possible that chopped blackbody radia-

tion at 50-100 ° C above ambient temperature,

if efficiently collected by suitable optics (at

least f/2, say), would provide sufficient power
to measure thermal enfittance with a thermo-

pile in the above manner. (This assumes a

thermopile with a responsivity of 0.1 volt/watt,

a receiver area of 1 mm 2, and a minimum out-

put of 10 nficrovolts.)

A2a, Spectrally Resolved Emitted Radiation
Measurements From 5 to $5/_, for

The thermal radiant power emitted by a

300 ° K blackbody into an infrared spectro-

photometer whose field of view it fills can be

calculated. If the effective aperture of the

spectrophotometer is f/2 or better and if the

radiation detector is a typical thermal detector,
then a bandwidth of ] wave-nmnber at 600

wave numbers (17_) should provide an output
of the order of 10 mv (neglecting absorption in

the spectrophotometer and in the air). It

should be possible, therefore, to measure the
emitted radiation of materials at ambient tem-

perature directly in this region, provided suit-
able cooled shields are used to lower the sur-

rounding background radiation. A simpler

approach is to heat the sample of material

under investigation to several hundred degrees

above ambient temperature.

Alb, Integrated Emitted Radiation Measure-
ments, for E

The measurement problems are simplified

in this case, compared with those of the pre-

ceding section (A2a), since spectral resolution

is not required. Commercial radiometers are
available _ which will. measure the cmittancc of

materials to within 0.03 absolute, if the tern-

692-146 0--63--7
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perature of the material is accurately known?

Bla, Equilibrium Thermal Measurement With

Electrical Heating, for

If a sample of the material under considera-

tion is placed in a varmint chaml)er which is

then evacuated at l0 -4 mm of Hg or better, the

sample can lose heat only by radiation to the

walls of the chamber or by conduction through
attached h,ad wires. If the walls of the vacuum

chaInber are essentially bl'wk and isothermal,

and if electrical heatin_ leads are attached to an

internally mounted heating element in the sam-

pie, then the sample emittance can be calculated

if the wall teniperature, sample temperature,

sample surface area, electric power input to the

sample, and the lead losses, are known. Mate-

rials of low emittance require samples of large

surface area to produce a sufficiently large ratio
of radiative heat transfer to conductive heat

transfer through the leads.

Blb, Equilibrium Thermal Measurements With

Solar Simulator as Heater, for _/_

A sample of material suspended in a vacuum

chamber evacuated to at h,ast 1()-_ nun of tlg,

and illuminated by a solar simulator (ff known

intensity of illumimttion, will reach an equilib-

rium temperature, T2, given by the following

equation:

where

average solar absorptance of the illumi-

n_ted area of the sample (this will

depend on the shape of the sample, that

is, whether it is plane, spherical, cylin-
drical, etc., and on the direction of illu-

mination with respect to the axes of sym-
metry of the samph,)

average ther,md emittance of the sample
I intensity ()f illumim_tion of the solar simu-

lator, that is, its total radiant power pet"
unit area

a St.efan-Boltzmann constant, 5.67X 10 -_2
watts_cm-2_oK -4

A_ projected area of lhe sample as viewed in
the direction of illumination

A, total surface area of the sample
T_ temperature in degrees Kelvin of the walls

of the vacuum chamber.

For example, the Barnes Engineering Co. R-4DT
industrial radiometer.

It shouhl I,c noted that the walls of the

vacuum ,'hnmber are assumed to ])e black (for
l hcrtlml t'adiation) and isothcrtlml. (The ratio

of A/':I_ is 1'2 for a plane figure illun)itmted

nortually, 1_4 for a sphere, 2 +R for a

cylinder illul_dmded on its axis (L is the length,

etc.

[{' the stm_ph, has a thermoeouple attached

Io it to _Jw,_m'e T_, and thermocouples are
also Itlla('_w({ to lhe interior wails of the vacuum

('}mml)er _,_ ,w.sure T; and if a calibrated
lhermal radiation detector is used to measure

the intensity o1' illumimttion from the solar

simul,ior at t})e _tmples, I measuren)enl of

the physi(',l ,tilmmsions of the sample provides

values for .-tp and A,, and all quantities are

known in equation (11) except "_/7, which can

therefore he solved for. (For example, if

_/7_l, 7'_ =0, I =0.1397 watt (.hi -2 (the solar
('onstant}. then T2=60.3 ° (' or :¢33.5 ° K for

a tlat plate illuminated normally.) I,ead losses

have t)cel_ m@ectcd in equation (11).

BIc, Equilibrium Thermal Measurements With a

Solar Simulator as Heater, Conductive Trans-

fer Predominant, for

In this ty[)c of _ne_tstlrenlcTlt no va(.uut_

chamber is necessary. Radiation from a power-
ful solar sil_ ulator is allowed to illuminate a

portion of the upper surface of a water-cooled,

('ylindri<'al t,,olh)w chamber. If the illumim_ted
area is coated with at material whose solar

al)s()rplnlwe is to t)e llteasured, then l_easure-

menl of:

(1_ the average ra(ti_mt intensity of the
solar simulator across tt)e test surface

(2) lhe input and output temperatures of

th(' ,'<,-ling water

(3) tlw tale of flow of the cooling water
(4) lhe area of the test surfa<'e illumim_ted

allows the solar absorptance of the test material

to be computed. This method requires a

suffi(,iently rapid flow of water to restrict the

rise in ,,utput temperature of the cooling water

to a value that is capable of precise measure-

meat (say, 10° to 20 ° C) but: that is not so

large l|mt radiative heat transfer or air conduc-

tion di_:silmtes a significant portion of the input

power ,bs, wbed by the illuminated test surface.
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B2a, Dynamic Thermal Measurements With a
Solar Simulator as Heater, for _ and _"

A test sample coated with tile material under

investigation is suspended in a vacuum chamber

ew_cuated to below 10-_ nun tig. The vacuum

ch_unber has cooled black walls (liquid-nitrogen
cooling is desirable) except for a smM1 port

covered by a quartz window. Tile temperature

of the test sample and the wall temperature

are continuously monitored during the measure-

ment process. The sample is first heated to

20 ° to 40 ° C above ambient temperature by the

illunfination of a solar simulator, incident upon

the sample through the quartz window. The

solar simulator is then turned off, and the

sample is allowed to cool to 20 ° to 70 ° C below

ambient temperature. The radiant intensity

of the solar simulator, at the sample, is con-

tinuously monitored during the heat-up ptmse

of this procedure. The rate of change of

sample temperature with time, dT/dt, is ob-

tained from the recorded curve of temperature

as a function of time. The rate of change
values are then plotted as ordinate against T 4

as abscissa. If the solar simulator intensity

and the wall temperature of the vacuum

chamber remained approximately constant

during the measurements, the data when

plotted in this manner will fall on two parallel

straight lines. All heat-up data will fall on

(or near) one line, the cool-down data will fall
on the other line. If the thermal emittance

of the material being measured is independent

of its temperature, and if the specific heat of

the s_mple is also independent of temperature,

then, as Gordon has shown (ref. 9), the eqmt-
tion connecting dTfitt and T 4 during heat-up is

dT
mc _t =Ap_I+P--AfiaT , (12)

where all the quantities have been previously
defined except

m mass of sample

c specific heat of the sample per unit mass

P incident thermal radiation (from the walls

of the vacuum chamber and the quartz
window).

During cool-down, the solar simulator is

turned off and so equation (12) reduces to

dT p,
mc _= --A,E.T 4, (13)

where P' is the incident thermal radiation for

the cool-down. It is seen from equations (12)

and (13), then, that dT/dt plotted as ordinate

against T _ as abscissa, produces two straight
lines as follows:

Heat-up (solar simulator on) :

(a) Slope of line

A s(i
---- _, (14)

8[/-- ?nc

(b) Intercept with x-axis

dT \, ii_ A/SI+P,=

Cool-down (solar simulator off):

(a) Slope of line,

(15)

--AstT --

s¢=- _, (16)
me

(b) Intercept with x-axis

dT x, . P'
_-=0) _=A_-,_

(17)

It is seen, therefore, that the slope of both

lines is proportional to _, and that--if P'-----P--

the difference in the intercepts, in--i, is pro-

portional to _/7. Thus both K and _ can be
found by this method.

The advantage of this method, compared

with equilibrium methods, is that measure-

ments can be made more rapidly, since equilib-

rium need not actually be achieved. Further-

more, since the values of _ obtained by this

method are based on the slope of a line relating

dT/dt to T 4, rather than its position in the

x-y plane, constant imat losses or heat inputs

do not affect the measurements. Also, since

the walls of the vacuum chamber are cooled,

the incident thermal radiation is small compared

with the solar simulator radiation, and un-

certainties as to wall temperature or thermal

radiation from the quartz window do not _ffect

the measured value of _/_ too greatly.

Two technicians are required to operate the

equipment used for measuring _ and _ by the

above method at GSFC, one to operate the
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solar simulator (a carbon arc lamp with rare-

earth cored carbons), the other to operate the

vacuum chamber and temperature recorder.

About 2-3 days are required for each complete
measurement of the _ and _ values of a material.

This includes time required to pump down the

vacuum chamber, and time required to reduce

the temperature data.

B2b, Dynamic Thermal Measurements With Adi-
abatic Cooling for

This method is similar to B2a but in this

case the light source need not be a solar simula-

tor since it is used solely to heat the test sample

to a temperature somewhat abo_,e the tempera-
ture at which the thermal emittance value is

desired. Furthermore, the intensity of the
light source is not measured, and the walls of

the vacuum chamber need only be cooled to a

temperature appreciably le,_s than the tem-

perature at which ; is desired. A description

of this method is given by Butler and Inn

(ref. 10).

DESCRIPTION OF PRESENT EQUIPMENT SET
UP AT GODDARD SPACE FLIGHT CENTER
FOR MEASURING _AND _ OF SPACECRAFT
COATINGS BY TRANSIENT THERMAL
VACUUM TECHNIQUES (WITH A SOLAR
SIMULATOR)

There are five main components (all com-

mercially available) of the apparatus:

El) the vacumn system
(2) the solar simulator

(3) the liquid nitrogen cooled shroud which

goes inside (1)

(4) the temperature recorder

(5) the solar simulator intensity measuring

equipment.

The vacuum system (1) is a High Vacuum

Equipment Corporation ('0018 (18-inch diam-

eter) bell jar evaporator. This system (with-

out the liquid nitrogen cooled shroud) has an

ultimate vacuum of approximately 5X l0 -7 mm

of Hg. Tile bell jar is stainless steel with two

5-inch diameter quartz sight ports, as can be

seen in figure l 1-1 (only one port is used for
the measurements, however).

The solar simulator (2) is a Strong Electric
Company "UHI" automatic reflector arc

lamp, type 91013-1W/0, which operates at

about 60 volts and 175 amp input to the lamp
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FrGt:n_: 1 I--I ,---Cross-section view of the cooled shroud
and vacuum-system bell jar.

itself. The arc lamp uses 13.6-ram cored car-

bons for both the positive and negative carbons.

The neg_ttive carbon is copper shielded. ]t

will operate automatically for about 45 rain on

one positive carbon.
The liquid nitrogen cooled shroud (3) was

also designed _md made by the High Vacuum

Equipment (Jorporation. It is 15 inches in
diameter and 24 inches high and is designed,

as figure 11-1 shows, to fit inside tile bell jar

of the vacuum system, except for the base of
tile shroud, the "adaptor ring", which rests on

the baseplate of the vacuum system and which

supports the bell jar. The shroud is made of

nickel-plated copper, and has two circular
5-inch diameter ports, one of which has a cover

which is externally moveable through a chain

attached to a rotary crank handle in the adaptor

ring. The shaft of tile crank handle penetrates

the adaptor ring through a wtcuum seal fitting.

The other port has a cover which can be nmved,
but has no external handle. The upper portion

of' the shroud opens up about a vertical hinge
like a "clam-shell" for the insertion of test

samples. The adaptor ring also contains the

liquid nitrogen feedthroughs, the thermoeouple
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feedthroughs, and the vacuum seal for the

ionization gauge. The adaptor ring serves the

purpose of lifting the base of the shroud so that

it does not obstruct the upward movement of

the high-vacuum valve--located in the base-

plate--of the vacuum system. The adaptor

ring is joined, at its bottom, to the baseplate,

by an O-ring seal. The top of the adaptor ring

is also joined by an O-ring seal to the bottom

of the bell jar.

The temperature recorder is a Minneapolis-

Honeywell Universal model 15 Electronik

multipoint recorder, with a temperature range

of --200 to + 100° C. It records a temperature

every 2 sec, and, since there are 8 channels,

data points are recorded 16 seconds apart for

any particular channel.

The solar simulator intensity measuring
equipment (5) consists of an :Eppley Laboratory

pyrheliometer, 50 junction, as the d_tector,
and a Hewlett-Packard microvoltmeter model

425A to indicate the detector output.

The liquid nitrogen feeding mechanism is
also important and includes a 50-liter Dewar

flask with a transfer tube driven by dry nitro-

gen.

The light from the solar simulator is colli-

mated by a quartz lens, piano-convex, 6 inches

in diameter and having a focal length of 23

inches. This lens collimates the light from the

solar simulator to within 12 deg. (This is due

to the fact that light from both the positive
carbon crater and the tail flame is utilized.

The tuilflame is 2-3 inches in length.) In use,

tile carbon arc lamp is placed so that the arc

gap is located 95 inches from the test sample,

which is suspended in the center of the shroud
(3).

A motor-driven chopper is placed between

the collimating lens and the vacuum chamber.

Since the light intensity at the sample is too
high--about 2 solar constants--when the car-

bon arc lamp is operating at its level of max-

imum stability, the chopper is required to re-

duce the light intensity at the sample to the

desirable level of one solar constant while

allowing the carbon arc lamp to operate at its

optimum output level. The chopper has inter-

changeable blades which attenuate the light

beam by different proportions.

The test samples used with the equipment

are made in a sandwich form. Two copper

plates, 2 inches square by _ inch thick, are

accurately cemented together with a 5-rail

copper-constantan thermocouple centered be-

tween them (figure 11-2). The plates are held

COPPER PLATES EPOXY CEMENT

ERMOCOUPLE WIRE

%%, _,1

%% //

%,_ /# /

"%_. //

FLOURS ll-2.--Test sample thermocouple

configuration.

in place by a jig to keep the thermocouple in

position and to line up the square edges of the

plates. An epoxy cement is used to bind the

two halves of the test sample together. The

thermocouple junction is forced into good

thermal contact with both copper plates by

mechanical pressure; the epoxy cement locks

the thermocouple in place and maintains the

good thermal contact. A mold release com-

pound, PVA, 5 is used to prevent the cement
from adhering to the jig. This mold release

compound, unlike grease, leaves no residue to

prevent the test coating from adhering to the

copper substrate. At this point the coating to

be measured is applied to the copper sand-

wich. Coating after assembly prevents the

high-emittance epoxy from remaining uncoated

and producing a large error for low-emittance

coatings (like polished or evaporated metals).

In addition, when evaporated metal coatings

are to be measured, the coating is allowed to

extend onto the thermocouple leads also. This

has the effect of reducing the error due to heat

loss through the leads. If the coating has a

high emittance, the enamel is stripped off the

Polyvinyl alcohol made by Gilbert Plastics.
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thermocouple leads, leaving 3 inches of bare

thermocouple wire, which has an emittance of
less than 0.1. The sample assembly is sus-

pended by means of its thermocouple leads

from the top of the shroud, as shown in figure
11-3. The leads are led into the vacuum

FIGURE ll-3.--Sample suspension technique and

thermocouple vacuum feed-throughs.

system by means of a Stupakoff fitting which

is located in the adaptor ring, as previously

mentioned. Thus the thermocouple wires are

a continuous stretch of one metal only from

the recorder terminals to the sample, the

Stupakoff fitting having an equal number of

copper and constantan lead-throughs. In this

way stray thermal voltages, due to unequal

temperature gradients between junctions of
dissimilar metals, are avoided.

OPERATING PROCEDURE FOR OBTAINING

THERMAL EMITTANCE MEASUREMENTS

WITH THE GODDARD SPACE FLIGHT
CENTER THERMAL VACUUM CHAMBER
(FIGURES 11-4 AND 11-5)

The test samples are mounted in the shroud

and, by adjusting the leads, are centered in the

sight port. A s_nall battery-powered incan-

descent light is placed at the arc crater position

and is collimated to illuminate the samples.

This enables the sample to be positioned so
that its entire frontal are_ is illuminated. The

wires are held in place by two alligator clips

which are suspended from the top of the shroud

interior by two lengths of cotton string (figure

1I-3).
Next, the chamber is closed and pump-

down is started. When the pressure is below

10-* mm of Hg, liquid nitrogen is circulated

through the shroud, the recorder is turned on,

and shroud temperature is monitored. The

system is ready for operation when the shroud
has dropped in temperature to about --190 °

C and its temperature is stable. (At equilib-

riu3n, the shroud is uniform in temperature to

within ±5 ° (_.) At this point the pressure is

normally in the low 10 -_ range. To reduce the

errors due to heat loss from the sample caused

by gas conduction, the measurement procedure
is not started until about one hour later, when

the pressure has reached the low 10 -7 range

(the ultimate vacuum of the GSFC system is

2>(10 --7 mm of Hg, which is reached in 272

hours).

The movable door in the shroud is now closed

so thai the arc can be turned on--and adjusted

after it has w,Lrmed up--without being seen by

the test. sample prematurely. When the in-

tensity is steady as determined by the pyrheli-
ometer (figm'e l 1-6), the movable door is opened

and the heat-up data recorded. After the sample

has traversed the desired temperature range,

the mowd)le door is closed and the arc lamp is
shut down. The door remains closed until the

arc carbons stop glowing. (The door is also

closed during a heat-up run if the carbon arc
lamp acts up and the intensity begins to

wander.) For coatings which have a high _/7

ratio, t,h(_ motor-driven chopper is employed to
reduce the illumination from the arc lamp

which strikes the sample, and thus to bring the

sample equilibrium temperature down to a
value withi_ the range of the recorder.

After the movable door is closed and the test

sample is ,_<) longer illuminated by the carbon

arc lamp_ the sample starts to cool down. The
sample temperature is also recorded during this

cool-down process. The heat-up and subse-

quent cool-down cycle is repeated several times
to inere:-_se the amount of data available and to

improw'_ tile accuracy of the _ and _ values

derived from these data by averaging a number
of measurements of _ and 7.



Dynamic Thermal Vacuum Technique For Measuring Solar Absorption and Thermal Emittance
93

-SHROUD
' ENTRANCE

OPENING

FI(_vRz ll-4.--View of the vacuum system and cooled shroud. Shroud _ in the "open" position. Movable

door is also open.
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I_'IGURE1l-5.--Cooled shroud detail view, showing th(_rmt)couple leads and feed-throughs.
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L_" BELLJAI:

FI(_URE l l-6.--View of the complete thermal vacuum setup, showing solar simulator (carbon arc), light-intensity

measuring equipment, and multichannel temperature recorder. Bell jar is in the operating position.

THE MAJOR ERRORS AFFECTING THE ACCU-

RACY OF_ AND 7 VALUES OBTAINED BY

TRANSIENT THERMAL VACUUM TECH-

NIQUES

There are two types of errors to be considered :
random errors and systematic errors.

The random errors are the major limitation of

the accuracy of the measurements made with

the present equipment. Most of the systematic

errors can be computed and corrected for as

is shown below. However, random errors in

the temperature and light intensity measure-

ments cannot be corrected for, but the magni-
tude of these errors can be estimated. The

fractional errors due to random errors were
calculated to be as follows:

(1) for thermal emittance values

_7
_-= _ 0.070,

(2) for solar absorptance value_

_-_ :k 0.075,
o_

(3) for _/_ values
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(5) temperature gradients within the test

sample.
Each of these sources of error is now examined

in detail:

Heat Loss Due to Thermal Conduction Through

the Leads

Gordon (ref. 9) gives the following equations

for the heat, flow through a lead wire:

[-Ka_ =D_ ( Tb -- 5To, T-4- 4 To_)-]_ /2
q= L j , (as)

where

FIGUR_ l l-7.--Solax simulator detail view, showing

quartz collimating lens and positive .and negative

carbons.

These fractional errors can be reduced by

taking the average of several measurements, or
by improving the instrumental accuracies

(reduced noise, for example) and the read-off

accuracies. The assumptions made in calculat-

ing the fractional errors above are:

(1) ,_T_>>aTo 4 (that is, sample equilibrium
temperature, with no illumination)is

much lower than ambient temperature.

(2) Measurements for _f_ are made near the

sample equilibrium temperature w/th
illumination.

(3) The error in time measurement is negli-
gible.

(4) The spectral match of the solar simulator

with the solar spectrum is perfect.
The systematic errors are due to the following

causes:

(1) thermal conduction losses through the
leads

(2) variation in thermal emittance with tem-

perature

(3) variation of specific heat of the substrate

(copper) with temperature

(4) heat loss due to gas conduction

q heat flow through the lead wire
K thermal conductivity of the wire

;_ thermal emittance of the wire
D diameter of the wire

T the sample temperature

To the temperature of the wall of the vacuum
chamber.

The derivation of this equation has been

worked out by Gordon (private communica-

tion), also. It starts from the fundamental

differential equation describing the heat flow.

K fl!_ _=;.a(t_ 4- T0') 2_,
dx

(19)

where new symbols are

0 temperature along the wire

r_ radius of the wire

x distance along the wire measured from the
sample.

Then, by one integration, Gordon proceeds

efficiently to equation (18). The wire is

assumed to be semi-infinite, of isothermal

cross-section so that the temperature is only a

function of x; the heat flow is assumed to be

steady-state. The boundary condition at
x=_ is T=-To and (D/dx=O.

Gordon (ref. 9) further compares the heat

flow through the lead wire with the radiative
heat flow from the sample. He gives an upper

bound for the fractional error in ;, the thermal

emittancc of the test sample, as

[-Ke_D_7'I_ > E,
._ LloTS-£T_J-

(20)
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where

E fractional error in _,

A, surface area of the test sample.

A typical numerical example for a low
emittance sample is:

wavelengths in accordance with Wien's law

(ref. 13), the emittance will increase. Inte-

gration of equation (21) over the blackbody

spectrmn to obtain the total thermal emittanco

at a temperature of T ° absolute yields

_=0.751(reT)_n--0.396 reT, (22)

K 0.97 cal-sec-'-cm-'-°K-' (copperat 300 ° K)

_ 0.04 (copper, 300° K)
D 0.005 in.----0.0127cm

T 3OO ° K

a 5.67X 10 -5 erg-cm-2-sec -'-°K-_

A, 54.8 cm 2 (2 in. X2 in. Xg6 in.)

0.02 (vacuum-deposited gold).

Inserting these values in equation (20) gives

an upper hound for the fractional error in 7
due to lead losses of 0.04. (The lead loss for

tile constantan lead of the copper-constantan

thermo('ouple is negligible (tompared with the

lead loss for the copper lead, due to the nmch

lower relative thermal conductivity of con-

stantan compared to copper.) (The fractional
error in _ is defined as 5_/7, where A_ is the abso-

lute error in L) For samples possessing a

higher thermal emittance, the fractional lead

loss error given by equation (20) will be

proportionately less, of course.

The Variation of Thermal Emlttanee With Tem-

perature (Applies to Metals Only)

Jakob has shown that the thermal enfittance

of polished metals varies with the temperature.

This is due to two factors: (1) The variation in

the spectral emittance with wavelength, which
is of the form

where

[/re_ 1/2 gl ,.o re
(21)

t_ spectral emittance at wavelength h

r, electrical resistivity (cgs units)
(equation (21) holds for 0<re/X<0.5);

the variation in the electrical resistivity with

temperature. For pure metals (ref. 12) the

resistivity is approximately proportional to the
absolute temperature. Considering equation

(21), it is obvious that as the temperature
increases and the maximum of the Planck

blackbody spectrum shifts towards shorter

where ; is the thermal emittance, as always

(equation (22) holds for 0<r,T<0.2).

For the region of interest, that is, for measure-
ments of the thermal emittance of metals near

ambient (300 ° K) temperature, a typical value
of r_T is 7.5X10 -4 (cgs), for gold.

To consider the effect of the variation of the

thermal emittance with temperature on the

measured value of _ computed from the slope--

or tangent, if not a straight line--of the curve

of dT/dt, plotted as a function of T _, it is

desirable to repeat equation (12) for tim heat-

up curve of the sample,

mc _=Av_Iq-P--Afi_TL (23)

Let
dT
7( =Y'

T 4_--x,

?I_ C ---- C p ,

A:=ff 1.

Using these substitutions, equation (12) re-
duces to

c' y= ApT_I + P--a'_x. (24)

The tangent to the curve at the point (y, x)

is dy/dx=y ', and

where
c'y'=--a'_--a'_'x, (25)

To evaluate _' in terms of _/dT and dT/dx,
since

ari arl dT
dx=d--T "-_z '

it is necessary to return to equation (22).

equation reduces to

This

L=O.751(r,T) _n (26)
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for metals near ambient temperature.

tion (26) may be written in the form

since--as mentioned above_

where

re_reo--'
T,,

70 value of 7 at temperature To,

reo the value of r_ at To.

By equation (27), therefore,

_5 _ i0
dT To

and so it is found that

t ! 5 -

-c y --_ _'e

Equa-

(27)

(28)

(20)

(30)

or

- 4['c'y"_

On the other hand, assuming that 7 is not a
function of T leads to the result

_ [c'y%
_=-\-j-?. (32)

Thus the value of _ obtained by equation

(32) must be multiplied by 4/5 to correct for
the variation of _ with T, if the sample coating

is a pure metal. (Obviously the correction

factor depends on the exponent of the power
of T which best describes the variation of

with T for the material under investigation,

even if it is not a pure metal.)

The Variation of Sample Specific Heat (Copper)
With Temperature

The specific heat of copper varies quite

rapidly with temperature from 0° K to about

300 ° K (ref. 14). From 300 ° K to higher

temperatures, it increases linearly at a rate of
roughly 0.01 cal-gm -_ °K -_ per 370 ° K. At

300 ° K the specific heat of copper is approx-

imately 0.093 cal-gm -_ °K -_.

Measurement of Thermal Radiation Properties of Solids

If both c' and ; are considered as functions

of T in equation (13) above, then upon differ-

entiating y with respect to x, it is found that

/dc'',.,,dy\ (_'_

or

/dc'\ . /dy\ , 5 -

where some of the substitutions of the preceding

section have been employed. Assume next

that P' in equation (13) can be neglected and
substitute the resulting value of y into equation

(33) above to'get

, _
\d,) 4

Therefore, solving for ; leads to the result

L4 \c dx/J

For the linear portion of the curve giving

the specific heat of copper as a function of

temperature, it is found that (x/c')(dc/dx)

=0.022, approximately. This is much less
than 5/4 and so the variation of specific heat

of copper with tetnperature is insignificant
above 300 ° K, but begins to be significant

below 200 ° K.

Heat Losses Due to Thermal Conduction Through
the Residual Gas in the Vacuum Chamber

The fractional error in _/_, E, due to thermal

conduction through the gas in the vacuum

chamber is given by Gordon (ref. 9) as

E_...['3"_ K(T--To)_ ./3\ Kv

where

K Boltzmann constant, 1.38X 10 -_6 erg-deg -_

number of nlolecules that impinge on unit

area of the sample in unit time (about
' " 1 231.3_, 0 _ cm -1 sec -_ for air at STP)

• To temperature of tile wall of the vacuum

chamber, °K

T sample temperature,

and it is assumed that the average energy
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transfer per molecule is not greater than

(3/2)K(T--To). This error is negligible at

pressures in the 10 .7 range, even with emit-

tances as low as 0.01, for temperatures above

100 ° K. Even at very low temperatures near

100 ° K, the proportional error for an emittance

of 0.01, and a pressure of 2 X10 -7 mm of Hg,

will be only about 0.012.

DATA REDUCTION PROCEDURES

As mentioned in Section B2 of the Intro-

duction, the values of _ and _/7 can be calculated

by use of equations (14), (15), (16), and (17),

so that (symbols defined in Section B2 a)

-- aA,_
8H-_-80-_-_

W_C

and

• . ApSI+P P'

If it is assumed that errors mentioned in the

preceding section have been corrected for', or

found negligible, and if it is further assumed
that P=P' (that is, that tile absorbed thermal

power from tile surroundings, specifically ez-

cluding the radiation h'om the solar simulator,

is equal for both tim heat-up and cool-down

phases of the measurement), then

--s_mc --sHine (36)

and

. . (rA, (37)

Note that if dT/dt is plotted against aT _ in-

stead of T 4 as abscissa, then the a drops out

of the above equations (36) and (37).
The data are recorded in the form of tempera-

ture as a function of time by the multipoint

recorder. The intensity of the solar simulator

is measured by the py_'heliometer and the
microvoltmeter. A smooth curve is run

through tim temperature-time data so that the
"noise" can be eliminated, the slope (or

tangent) is read from tiffs curve at desired

intervals. Ship's curves are very useful for

the curvefitting process. The time interval
chosen varies inversely with the rate of temper-

ature change, for instance, this interval near
equilibrium (dT/dt very small) is as hmg as 640

seconds for samples coated with vacuum

evaporated metals of low emittance.

Tables of aT _ in watts/era _ are employed,

the values of T running from 0 ° K to 600 ° K
in 0.1 ° intervals, and are found to expedite the

calculations. The tables can easily be run off

on an IBM digital computer such as the 7090.

Since the heat-up and cool-down lines, on the

graph of dT/dt vs. aT _, are usually parallel (if

the surroundings remain at a constant tempera-

ture, the lines are parallel), the emittance can

be calculated from either line; tim cool-down

line, however, has more data points (since

dT/dt is less in absolute value for the cool-down

curve than it is for the heat-up curve) and hence
is more reliable for this reason.

After uncorrected values of _ and _ have been

obtained in this manner, the four systematic

errors listed are calculated and the appropriate
corrections made.

The table presents the results of some

measurements which have been made by the
Thermal Systems Branch at GSFC. The

results of both optical and thermal vacumn

measurements are given. Conversion factors

for converting total normal emittancc (from

optical nmasurements) to total hemispherical

emittance (from thermal vacuum measure-

ments), and vice versa, are given in Jakob's
text on heat transfer (ref. 8). For very low

emittance metal coatings, for example, the ratio

of total normal to total hemispherical emittance

is about 1.3. For dielectrics having a total

normal emittance of 0.9, the ratio is 0.935.

Figure 11-8 shows a typical plot of dT/dt
versus aT 4 for carbon black silicone base paint.
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FIGURE 11-8.--Graph showing typical data for deriva-

tive of temperature with respect to time (dT/dO as

ordinate plotted against aT 4 as abscissa (a=the

Stefan-Boltzmalm constant), for carbon black in

silicone vehicle paint.
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TABLE 11-I.--(bmparison of Values of Solar Absorptanee and 7'her:r_al Emittance, Obtained by Both

Optical and Thermal Vacu_tm )lIeasurements, jot Four ('ommo_ Spacecraft Coatings (Vacuum-

deposited metals and paint)

Coating

Evaporated gold ..............

Aluminized Mylar* ........

Evaporated aluminunl ..... /

Carbon black paint, silicon vehicle_.

(t)

9.2

2. 68

4. 02

1. 18

(2)

0.0239

•0618

.0424

• 817

(_) (4)

tNC _NM

0.015

.037

.026

• 872

o. 035
• 022
• 907

(5)

a

0. 183

• 129

• 17

• 964

(6)

aDK

0•200

• 131

• 156

. 956

(1) _- n--ratio of solar absorptance to total hemispherical emittance (for T =300 ° K).

(2) _v,= uncorrected total hemispherical emittance, as measured thermally.

(3) _NC=corrected total normal emittance, calculated from thermally measured total hemisl)h_'rieal emlttance.
(4) _NM=tOtal normal emittance, measured optically (should be close to vMue of (8)).
(5) _,=solar absorptance calculated from thermal ineasurements with a carbon arc solar simulalor.
(6) _DK=SOIar absorptance, from optical measureJ}tents (should be close to value of (5)).
*With scribed lines 2-3 mils thick forlning t_-ln, squares of evaporated aluminum.

Sonle evaluation of the system can be made by

making note of the parallel lines and the cool-

down intercept of the abscissa (near zero).

CONCLUSIONS

The accuracy of the nleasured _/7 ratio is

probably less than that predicted, since the

spectral match of the solar sinlulator (carbon

arc ]anlp) with the solar spectrunl is not exact.

(A project for futm'e investigation will be to

measure the spectral distribution of the carbon

arc as a function of the t_urrent and intensity.)

The accuracy of the thernial emittance

measurement is especially good for low emit-
tance nlaterials--.compared with the accuracy

of the optical and thermal equilibrium nlethods

of nleasuring _ for tltese nlaterials--and there-

fore this type of measurement fills a need even

though it consulnes nlore man-hours of labor

than the optical ntethod by a factor of perhaps

2, since oile thernlal vacl.lUln nleasurement

requires about 6 nlan-days.
All the emittance data in table ll-I arc

within the accuracy predicted• The acc, uracy

can be improved by increasing the accuracy of

temperature measurenlent; probably this can
be effected by using a lnanually balanced

pot entiometer bridge to nleasure the thermo-

couple voltages.

FUTURE IMPROVEMENTS AND MODIFICA-

TIONS TO THE PRESENT EQUIPMENT

hnprovcments and modifications planned for
the near fut, ur(_ are:

(1) _ mul_istmiple holder which will permit
more th,m one set of measurenlents for

each pump-down of the vacuum systenl.

(2) a tti_it_ll conlputer program which will

allow _ good deal of the data reduction

proct_ss dcs('ribed to be done by a com-

puter. II is estimated that this (tom-

putcr pl'ogranl will reduce the number of

tmm-dtlys (_onsumed in data reduction
ft)r eacll measurement from 3 to 0.5.

Initially the data will be acquired froni
the inultipoint recorder chart and re-

produ('cd tin punched cards suitable for

one ,)f the GSFC IBM 7090 digital

c_,mputcrs. Eventually, it is planned to

digita]izc the output of the multipoint
recorder and then feed this digital out-

put directly to a computer.
(3) _m,_il-frce vacuum system. This vacumn

system will eliminate the possibility of

oil from the diffusion pump backstream-

ing onto the test sample. At present

ba,,kstrcanling is prevented by continu-

tiusly running liquid nitrogen through
the shroud and baffle; however, when the
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liquid nitrogen is not used, test samples

quickly (less than 1 day) become con-
taminated with oil. The oil-free vacumn

system will employ a conventional me-
chanical forepump coupled with a Welch

No. ! 377A Turbo-Molecular pump which

works on the molecular-drag principle
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(ref. 15). This type of pump uses no oil

except for lubrication, but probably _

cooled baffle or trap will also be useful

here. Tile oil-free vacuum system will

also eliminate the possibility of a diffusion
pump "boiling over" due to failure of the

cooling water.
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DISCUSSION

G. F. VANDERSCIIMIDT, Lion Research Corporation:

Without going too deeply into the difference between

this paper and the one submitted by me with Gaumer

and ttohnstreiter, I would like to point out a few

differences in approach. Our paper describes two in-

struments, one of which is used for measuring the far

infrared emittance of the surface. This instrument is

unique and the Fosscll, Triolo, and Jerozal approach

cannot be used for this purpose.

The second instrument described in our paper is a

reflectometer, very similar in application to that de.

scribed by Fussell, Triolo, and Jerozal but somewhat

different in constructional details. The most important

difference in out reflectometer design is that it permits

measurement in the ultraviolet out to 2537/_. The

region at 2537_ is of particular interest since deteriora-

tion of coated surfaces almost always first appears as

an increase in absorption in this region of the spectrum.
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In the thermal design of spacecraft, the input term in the radiation balance equation for
a space vehicle in frec spac(e--removed from significant earth radiation--is directly propor-
tional to the solar absorptivity of the illuminated portion of the vehicle. For opaque space-
craft coatings, incident solar radiation which is not absorbed must be reflected; thus, the
solar absorptivity of such coatings can be computed from spectrally resolved total reflectance
measurements The solar absorptivities of spacecraft coatings in common use can be
estimated to within approximately ± 20% or better by using total reflectance data at wave-
lengths between {).27 and 1.65tt.

An integrating sphere is the most convenient

device for measuring the total reflectance of

opaque coatings of different degrees of curva-

ture, specularity, and diffusivity. A portable

single-beam, 6-inch diameter integrating sphere

reflectometer has been designed and fabricated

at the GSFC and has been extensively used to

detect changes in the solar absorptivity of
spacecraft coatings due to environmental test-

ing, ageing, or contamination. The interior of

the sphere is coated with six coats of a barium

sulfate powder (USP), mixed with 0.2(yv sodium

(carboxymethl) cellulose as binder, over a ma-

chined (nonpolished) alunfinum surface. This

coating has a reflectance of 0.93 at 0.4_, 0.96 at

0.6_, and 0.96 at 0.8_, assuming it to be equal to
the coating of Middleton and Sanders. This

type of coating was employed because of its

much greater durability, compared to magne-
sium oxide.

The sphere has provision for the insertion of

standard 2 x 2-inch square interference filters

for spectral resolution. Commercially available

photomultiplier tubes as detectors are used and

a commercially available amplifier with a large

D'Arsonval-type meter as the output indicator.

It was necessary to employ an ultra-stabilized

(better than 0.01% regulation for both line and

load) power supply for the light source of the

integrating sphere to obtain satisfactory sta-
bility. It was also necessary to "age" the

lamps used in the light source for about 1 hour

to ensure stability; in addition, a magnetic-

type voltage regulator was used in the power
line to the photomultiplier power supply and

output amplifier. Short-term fluctuations un-
der these conditions were found to be less than

:t:0.5%, and long-term drift was less than 8%

per day.

The optic axis of the light source was dis-

placed by 7_ ° from the sphere radius through

the center of the sample port; since the diameter

of the light port is _4/ inch, this allows specular

(and diffuse) surfaces having radii of curvature

greater than 3 inches to be measured without an
abnormal and uncorrectable amount of light

lost out the light source port. Experimental

tests with the sphere on specular, gold-plated,

cylindrical shells of radii 3.5, 6.5, 12.5, 18.5, and

24.5 inches showed no significant geometrical

effect on sphere efficiency. Using the formula

given by Jacquez and Kuppenheim for a "per-

fect" sphere, and the substitution method, it

was estimated that the maximum absolute

error for the sphere is 4.4% at 0.4_, 7.2% at

0.6u, 6.5_ at 0.8_, and 5.3% at 1.0u; these data

are for a standard having 100% reflectance, a
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sample having 0% reflectance, and a sphere

coating of barium sulfate paint.

The Importance of Total Reflectance Measure-
ments on Coatings in the Thermal Design of
Spacecraft

In tile thermal design of spacecraft (ref. 1)

the input term ill the radiation balance equation

for a space vehicle in free space--removed from

significant earth radiation--is directly propor-
tional to the average solar ahsorptance of the

illuminated portion of the vehicle. The output
term in the radiation balance equation-

neglecting internally generated power---is di-

rectly proportional to the average thermal
emittance of the total exterior surface of the

space vehicle. To this approximation, there-
fore, its equilibrium temperature is proportional

to (_/_)o.2_, where _= average solar absorptance,

and _=average thermal emittanee. In a space
vehicle whose outer surface is coInposed of

several materials, _ is computed by sunmting

up individual terms for each material illumi-
nated by the sun. Each term is the product
of its solar absorptance (which will in general

depend on the angle of incidence of the sun's

rays on each element of surface) multiplied by
the fraction of the total projected area normal

to the direction of illumination which the

material occupies.

It is thus highly desirable to be able to
measure at least the normal solar absorptance

of small areas of a space vehicle's surface. For

opaque spacecraft coatings, incident solar radi-
ation which is not absorbed must be reflected.

The solar absorptance of such coatings can,

therefore, be computed from spectrally resolved
total reflectance measurements. (When a solar

simulator--a terrestrial light source whose

spectral distribution matches that of the sun
from the thermal design point of view--is avail-

able, a total refleetometer can be devised which

will yield the solar absorptance from non-

spectrally resolved data. This is a project of

great merit.)

Although it is desirable to obtain a complete
curve of the total reflectance of a given coating

as a function of wavelength from at least 0.3 to

2.5 g, suitable assumptions about--or prior

knowledge of---the general nature of the ab-

sorptance spectrum often make data at a few

selected _v,,tveh, ngths very helpful and enable

an approxim_te estinmte of the solar absorp-
tance to be made from such data. In most

cases the ,'oaring material is known, and the

problem is one of detecting small changes in

the solar absorptance due to "contamination",

that is, to surface deterioration caused by

handling, corrosion, tarnishing, or environ-

mental testing.
Metal surbwes are usually more sensitive to

contanfinalioti and surface condition than

paints. This is partly due to their low ab-

sorptance when clean, vacuum-deposited, sur-
faces ave _ncasured. For example, the solar

absorptan,es of some common metals are: (1)
aluminum, _:--7.78%; (2) gold, _=19.25%;

(3) silver,a--4.9%; and (4) rhodium, _= 18.255{)

(ref. 2). I1 ix especially important, therefore,

that metalli,, spacecraft coatings be checked

frequently for increased values of solar absorp-
tance due to surface deterioration. It is of

interest at this point to note that 80% of the

absorl)ed solar energy lies t)etween 0.27 and

0.8(,) # for silver, and between 0.41 and 1.13
for aluminutl_. In both cases, 10% of the ab-

sorbed cn(wgy ()('curs at shorter wavelengths
than the _hort wave limits, and another 10c_/o

oc('urs ut longer wavelengths than the long
wave limits. For a perfect black paint, the

80_;_ limits ,_ts defined above--are 0.41 and
1.65 _. II i_ believed that measurements of

absorptan,,t_ between the 80% limits for any

coating should cnat)le the solar absorptance of
the coating to be estimated to better than 20_

of its true value. Figure 12-1 presents the

ahsorpt_mvc spectra of the four metals men-

tioned: Muminum, gold, silver, and rhodium.

"Phc data are Ihose given by Dr. Hass of ERI)L,
Fort Belvoir, in the AlP Handbook. Silver

and alumitmm represent the opposite extremes

with respe(.l to the wavelengths of the dominant

regions of absorption. For comparison, the

solar extr:_-terrestrial spectrum, derived from
Johnson's data (ref. 3) is displayed in figure 12-

2. Figures 12-3 and 12-4 present the average

absorptan('es for aluminum, gold, silver, and
rho(liuJn, ;_ultiplied by the percentage of solar

energy irwrmnents for small bandwidths, start-

ing (ex(_epl for silver, where 0.25 _, is the

initial point) at 0.30 _ and running out past

5 _ and integrated from a nominal X=0 to
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for aluminum and silver.

X=Xo vs Xo, the wavelength. These data give

a good picture of tile dominant wavelength

interval within which the major portion of the

sun's energy is at)sorbed by each of these metals.

Description of the Integrating Sphere Coatings
Monitor and Its Purpose

Spacecraft surfaces oftlen have various degrees

of curvature and surface roughness. An inte-

grating sphere is a convenient device for meas-

uring the total reflectance of such surfaces,

since it collects nearly all the reflected light,

independently of whether the light is diffusely

or specularly reflected and, also, independently

of the radii of curvature of the surfaces, pro-

vided the radii are larger than a certain

minimum radius which is set by the geometry

of the sphere.

Figure 12-5 presents a cross-section view of a
portable, 8-1b, 6-inch diameter, single-beam,

integrating sphere fabricated recently at GSFC

for monitoring the solar absorptance of space-

craft coatings. The interior of the sphere is

coated with the barium sulfate paint described

by Middleton and Sanders (ref. 4).

As figure 12-5 shows, light from the lamp

goes through the small aperture (apertures

available ranging in size from _/6-inch to )_-inch

diameter). (A collector lens between the lamp

and the aperture would be desirable here to

increase the amount of light collected from

the lamp.) The aperture is focused by the

glass lens onto the sample which is pressed
close to the exterior of the sample port. Light

reflected from the sample is collected by the

sphere (in diffusely reflecting materials, a small

fraction of the light is lost out the light source

port) and produces uniform illumination on the

inner wall of the sphere which is viewed by the

photomultiplier detector. There is a slot in

the light source housing into which standard

2 x 2-inch square interference--or other--filters

can be inserted. The lamp used in the light
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source is a General Electric No. 1493 micro-

scope illuminator lamp. This is rated at 6.5

volts and 2.75 amperes. It has been found _

that the luminous intensity of a new lamp is

not steady; however, if the lamp is aged for an

hour at its rated voltage and current, it becomes

stable thereafter. Satisfactory stability of the

light output from the lamp can be achieved

only with an ultra-stabilized power supply

for the lamp.

It can easily be shown that the light output

from the lamp (considered as a grey body) over

a narrow wavelength interval is a very sensitive

function of the temperature. For example,

for a lamp having a color temperature of

2800 ° K, the radiant output at a wavelength of

ZJerozal, F. A.: Report on Coatings Monitor.

NASA Goddard Space Flight Center in-house report,
I 633-62-6, April 1962.

5000 A varies as the equivalent of the 10th

power of the temperature, that is,

J_(T+AT) AT C2 AT

.........J_(T) 1+-_- _-_= 1 + 10 --T-

where

J_ radiant output per unit wavelength interval

and unit surface area

T absolute temperature of the lamp, °K

C2 1.438 cm-°K

X wavelength cm.

After some experimentation, a Harrison

Laboratories model 808 AX power supply was

found satisfactory. This is a chopper-stabi-

lized, regulated power supply which regulates to

better than 0.01% (or 1 millivolt) for both line

and load. I The photomultiplier tube, its hous-

ing, and its associated amplifier, power supply,
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PORT

and output indicating meters are part of a

Photovolt Corporation model 520-M photom-

eter. Photomultiplier tubes having S-1, S-4,

S-5, and S-1l spectral sensitivity cathodes are

available as accessories for this equipment. It

was also found necessary to use a Sola model

CV-1 constant voltage transformer (500 va-

115 volts) in the power line for the 520-M

photometer obtained from Allied Radio Corpo-

ration. This is a harmonic-free, static magnetic

type of voltage regulator. _ The 520-M has a

small, internal magnetic regulator, but this

proved insufficient to provide adequate sta-

bility. Combined with the ultrastable light

source power supply, the model CV-1 magnetic

voltage regulator used as described above gave
a highly stable output. Short-term fluctuations

were less than ± 0.5%, and long-term drift was

less than 8% per day.

Figure 12-6 displays the complete integrat-

ing sphere coatings monitor apparatus. The

integrating sphere is at the left; attached to
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FIGURE 12-6.--Reflectance monitor panel c_nnponents.

the right side of the sphere is the photomultiplier

housing. On top of the power supply console,

at right, is the Photovolt photometer amplifier,

showing the large meter which indicates the

light level striking the photomultiplier tube.

(The photometer has provision for attaching a

recorder. As yet, however, a recorder has

not been used with this equipment.) Figure

12-7 shows the rear stowage compartments of

the power supply console with the integrating

sphere and output indicators in position. The

total weight of the integrating sphere with the
detector housing and light, source attached is
about 8 lb.

The operating procedure for the sphere _ is

briefly as follows:

1. The lamp and the photomultiplier supply

are turned on and the equipment allowed

to warm up for _ hour

2. An opaque blank is put in the filter slot

and the output meter checked for zero on

all ranges. (The s_mple port, of course,

must also be blocked off during this check.)

3. With the high voltage off the photomulti-

plier dynodes to avoid damage to the

See footnote on p. 108.

SUPPLY FOR LIGHT SOURCE

0 O

_IGERE 12-7.--Reflectance monitor stowage
compartment.
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.

pilotomultiplier by excessive current, due

to stray light leaking into the sphere through
the sample port, a known standard of

specular reflectance--for example, vacu-
um deposited gold or aluminum on glass--

is placed over the sample port if the test

sample is also specular, or nearly so. If

the test sample is highly diffuse, a refer-

ence sample coated with a thick layer
(at least 6 mm) of magnesium oxide
smoke should be used. The substrate

of the sample should be a polished metal
surface to secure a reflectance near that

given in the literature for magnesium oxide
(ref. 5).

After the reflectance standard is securely
pressed against the light seal gasket so

that no stray light enters the sphere--and

is pressed firmly enough so that the surface
of the standard is within at least ]s/ inch of

tim sample port--the photomultiplier vol-

age is turned on, and the sensitivity of the

output meter is adjusted until the meter

reads a convenient value---for example,

80--near the high end of the scale. The

reading for the standard is recorded, and

the high voltage to the photomultiplier is

turned off again.
The reflectance standard is now removed

from the sample port and the test sample

placed over the sample port. The photo-

multiplier voltage is turned on, and the

meter reading recorded. The ratio of the

sample reading to the standard reading.
multiplied by the absolute reflectance of

the standard, gives the absolute reflectance

of the sample.

This method of measuring reflectance is

known as the substitution method, and is

distinguished from the comparison method

which requires an additional port in the sphere
for the reflectance standard.

Evaluation of the Errors of the Integrating Sphere

To evaluate critically the errors in the

integrating sphere, it is necessary to consider

the following:

1. diameter of sphere, d,=6.00 inches

2. diameter of the sample port, dp=0.75
inch

3. diameter of the light port, dL=0.75 inch

4. diameter of the detector port, do---1.00
inch

5. diameter of aperture stop in light source

as imaged on sample port, dar=0.36 inch

(for 0.125-inch diameter aperture)

6. angular displacement of optic axis of light

source from radius through center of

sample port, 8L----7.5 deg

7. reflectance of sphere coating varies With

wavelength as shown in figure 12-8,

R_=0.95 at 0.5tL, and a fiat maximum of
0.96 extends from 0.6 to 0.7t_
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8. goniometric reflection characteristics and
absolute reflectance values of sample and

reference; that is, roughly, whether the

sample and reference are diffusely or

specularly reflecting.
A definitive treatment of the theory of the

integrating sphere has been given by Jacquez

and Kuppenheim (ref. 6). Their formula for
the reflectance ratio of a "perfect" sphere

(that is, a sphere in which the test samples,

the reflectance standards, and the detector

surface, are curved so as to match perfectly
the inner surface of the spheres over their

appropriate apertures) is as follows:

I (Rsr--Rs)C ]

B Rs S

z_q_s= 1 R. D Rs. C (1)
Bsr Rsr 1 S S

where

Bs=total light flux passing into detector port

when test sample is over sample port

Bsr=total light flux passing into detector port
reflectance standard is over sample port

Rs=reflectance of test sample

Rsr=reflectance of reflectance standard

R=reflectance of interior of the integrating

sphere

A= spherical area of entrance port

B= spherical area of photocell port

C= spherical area of sample port

S= total internal area of sphere, 4_ R _
D = S-A-B-C.

Strictly considered, this formula is not correct

for computing the error in measurements with

flat samples, as Jacquez and Kuppenheim (ref.
6) show; however, the formula does indicate

the approximate value of the error and is less

complex than the correct expression, which is

(Rsr--Rs)R:D':C 1

Bs Rs Sr
-- _ / 1 R. D Rs. )?__/)7. C (2)

L 1 S S-_:

wh ere

D,= I" (p--L COS O)(L--p cos O)
(p3+L_--2_L cos O) da (3)Jo

and

p=radius of sphere.

L=distance from center of sphere to center of

sample.
da= element of surface area.

[t can be seen from equation (1) that, for

given (', I), ,% and R, with Rs and Rsr as vari-

ables, the _,aximtnn value of the error occurs
for R_ 0 trod Rsr-l.O0. Evaluating ('/Sand

l)/S as indi('_Lted for the dimensions given

yields

=0.0039,

D=0.985.

Equation (l) thus reduces to

Bs Rs [-1 O.O039(Rsr--Rs) "]
Bsr Rsvk 1 _Rsl (4)

Equation (,i) was applied to the following

cases:

I. ahnninum standard, gold sample, 0.35 to

0.(.)0_ wavelength

2. gold standard, aluminum sample, 0.35 to
().90g wavelength

3. 100_ reflectance standard, black paint

(carl)on t)lack pigment in a silicone vehicle)

sample

4. 100_,_ reflectance standard, white paint

(zin(" sulfide pigment in a silicone vehicle)

sample

5. 100_:_z reflectance standard, 0c_v reflectance

sample.

The results are displayed ill figure 12-9.

(In ('Mculating the points shown, the sphere
wall reflectance was taken from the data pre-

sente(t in figure 12-8.) It is seen that the

nmximum proportional error occurs with the
100_,_ refle('tance standard and the 0% reflec-

tance sample, for whictl the error is only 7cjc

at 6000 A. It should be particularly noted

that equation (1) applies only to perfectly

diffuse samples and standards. If the sample

is specular and the standard is diffuse, then
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e®e ALUMINUM STANDARD, GOLB SAMPLE.

""" GOLD STANDARD, ALUMINUM SAMPLE.
•""" 100% REFLECTANCE STANDARD,

BLACK PAINT SAMPLE.

,,,A- 100% REFLECTANCE STANDARD,
WHITE PAINT SAMPLE.

++* 100% REFLECTANCE STANDARD, 0%
REFLECTANCE SAMPLE.

,,__ ( NOTE I:

PAINT REFLECTANCE VALUES

FROM UNPUBLISHED DATA.)

(NOTE 2: VALUES PRESENTED REFER

TO AN INTEGRATING SPHERE

AS DESCRIBED IN THE TEXT.)

I I I I I I

0.4 0.6 0.8 I .0 1.2 1.4

WAVELENGTH, MICRONS

1.6

FIGURE 12-9.--Proportional errors of a perfect integrating sphere for several standard sample combinations.



1 14 Measurement of Thermal Radiation Properties of Solids

INTEGRATING
SPHERE

7.5 °

LIGHT PORT
0.75 IN. D

/
/

IMAGE OF 0.125
APERTURE STOP_

0.36 IN. D

/
/

CYLINDRICAL TEST
SAMPLE OF RADIUS
GE

AT THE MINIMUM SAMPLE
RADIUS. GE IS PARALLEL
TO E.._AA

IA = 0.408 IN.
FE = 0.180 IN.

( IA--F._E.E)=0.228 IN

SAMPLE PORT
0.75 IN. D

\

FICt:HE 12 I0. -Sphere geometry and mininmm radius of sample curvature.
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Bs R'Rs
B_ _" R_ (5)

approximately. If both sample and standard

are specular, then Bs/BsT=Rs/Rsr is in the
diffuse case. It is felt that the mathematical

expression for the flux ratio of standard to

sample for the specular case should lead to

results similar to those calculated from equa-
tion (1).

The minimum radius of sample curvature

which the integrating sphere will measure ac-
curately depends on tt_rec factors. These

factors have been given above as follows, by

item numbers as previously listed:

6. displacement of optic axis of light source

from radius through center of sample port,
0n:7.5 deg

3. diameter of light port, dL=0.75 inch

5. diameter of aperture stop as imaged at
sample port, da,=O.36 inch (for a 0.125-

inch diameter aperture).

Figure 12-10 shows the appropriate geometry
to be considered in calculating the minimum
radius of sample curvature. At the minimum

radius of curvature, a ray from the left-hand

edge of the light port, A, strikes the sample at

the right-hand side of the aperture stop image,

E, normally. (Actually, only the effective light
port diameter should be used. This is the

diameter of the area of the lens illuminated by
the lamp. The size of this illuminated area-

in turn--depends on the diameter of the

aperture stop, the size of the lamp filament, the

aperture-filament and lens-aperture distances,

and the relative aperture of a collector lens, if

one is used. For the optical system used in

the present integrating sphere, a 0.125-inch
diameter aperture would illuminate about half

the diameter of the lens.) Since the ray AE
does strike the sample normally, this means

that the reflected ray coincides with AE and

that the radius from G to E, GE, is parallel to

AE. Using the geometrical relationship be-

tween the sides of the approximately similar
triangles GEl' and GAI, it is found that

GE GA
FE IA

or,

GE=FE(GE+AE)
IA
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or,

GE FE. AE
=IT--FE (6)

Using the dimensions given in figure 12-10,
equation (6) becomes

or,

GE=0.180X6.00
0.228

GE=4.74 inches.

However, as noted, the full diameter of the
light port is not utilized with the 0.125-inch

aperture, anc_, taking 0.375 inch as the ap-

proximate effective diameter of the light port,
the minimum sample radius of curvature for

this situation is found in the same manner to be

EG'=2.60 inches.

To check this calculation, gold-plated cylin-

drical shells having radii of 3.5, 6.5, 12.5, 18.5,

and 24.5 inches were made up and their re-

flectance measured with the integrating sphere.
The results showed no apparent trend from

large to small radii and a variation from the

sample mean of ± 1.75%, which could quite
possibly be due to variation in reflectance of

the gold plating from sample to sample.

CONCLUSIONS

It is concluded that the present integrating

sphere reflectometer described is moderately

satisfactory for checking the solar absorptance
of spacecraft coatings. Desirable future modi-
fications are:

1. a collector lens between the lamp and the

aperture stop to increase the light gather-
ing efficiency of the optical system

2. a more stable photomultiplier power

supply and amplifier

3. the use of an output recorder

4. an exact analysis of the efficiency of an

integrating sphere when used with non-

perfectly-diffuse samples and standards

5. quartz optics to extend the ultraviolet

range

6. attachment of a lightweight monochro-

mator to provide continuous wavelength

coverage.
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Most satellite vehicles rely on passive thermal

control to maintain the operating temperature

of the vehicle. Specially designed paints and
other surface treatments are used to maintain

an exact balance between heat inputs, such as

insolation, and the amount of energy emitted

by the satellite surface by radiation at the
satellite's operating temperature. The satel-

lite's operating temperature is generally near

room temperature. As a consequence, in
manufacturing the temperature control surfaces

of satellites, solar absorptivity a, and room

temperature emittance e must be accurately con-

trolled. Since weathering and handling of the

satellite in the prelaunch environment may
change these quantities, the satellite tempera-

ture control surfaces should also be given a
prelaunch check to assure that values of a and

are still within specification.

This paper describes the development of semi-

portable equipment for making measurements

of the emittance e of a room temperature sur-

face and the spectral absorptivity a_ of a sur-

face over the solar range. The equipment is

designed for use on the production line and at

missile launch sites. The equipment is to be

used as part of a reliability and quality assur-

ance program.

Although advanced models of the inspection
device may prove to provide a basic method

for determining surface emittance and reflec-

tance directly, the scope of this report covers

only the ability to provide comparative readings.

PHYSICAL PRINCIPLE OF OPERATION AND
ANALYSIS

As will be described later, the emissometer

head consists basically of a cooled and evacu-

ated chamber with an 8-junction bismuth-silver

thermopile so mounted that one side sees only

the cooled platen, while the front surface is ir-

radiated by the sample whose emittance is to

be measured. A schematic diagram of this

arrangement is shown in figure 13-1.

In order to calculate the sample emittance, a

consideration of the energy interchange must

be made on the basis of temperatures, emit-

tances, and view factors within the emissometer

head. Due to the rapidly converging series
found in the calculation of the radiation inter-

change between the head elements, the heat

F

SAMPLE, ELEMENT (_

_ CHANNEL WALLS, ELJ[MIrNT(_

THERtl0_LE, ELEMENT(_)

_ PtArE., E_"L_)

FIGURE 13-1.--Schematic arrangement of emissometer
head elements.

117



118 Measurement of Thermal Radiation Properties of Solids

balance to the thermopile may be approximated

by the following steady-state equation

q,_-- q_-- q23+ qm = 0 (1)

where the subscripts refer to the emissometer

elements. The thermopile temperature is de-

duced from this equation as

4 4 4 4

T_=_,F_,T,+_,F_4T,+_3Fo3T3+(1 _4)F,2_,F,4T,
,,F_, + _F,_+,,F_-_ (1-- _,)F_,FI_

(2)

where T refers to temperature, ( to emittance,

and F to view factor, and the subscripts

correspond to the emissometer elements. The

solution of this equation was solved para-

metrically by an IBM 7090 computer and the

results are presented graphically in figures

13-2, -3, -4, and -5.

Effect of Sample Temperature and Ambient Air

Temperature Deviations on Emittance Deter-

mlnations

Figure 13-2 shows the effect of varying

sample temperature on the detector tempera-

soz

qgl

494

490

4es

4az

47e

4 r,

S60

0, o_2' L 0', 0!0 ,L 0', o!. 0!, 0

FIGURE 13-2.--Thermopile sensing element tempera-

ture as a function of sample emittanee, showing

effect of sample temperature.

ture. The curves show a nonlinear increase

in output with increasing sample temperature
and a maximum deviation in output for the

higher values of emittance. Tiffs case was
evaluated with a channel emittance of 0.05

which is used in the standard model inspec-

tion devices due to the increase in output.

and decrease in zero signal provided with a

highly reflective channel coating. The highly

reflective channel also minimizes any instru-

ment err()," due to specularity differences be-

tween samples, and provides emittance values

which ar(_ more nearly hemispherical than

normal. For this case, the thermopile tempera-
ture rises 13.5 ° F over the full-scale emit-

tance range for a normal sample temperature
of 530 ° R

Figure 13-3 shows the results of figure 13-2

plotted as a normalized output against sample
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FZ(]URE 13-3.--Emissometer output and normalized

temperature ratio as a function of sample emittance,

showing effect of sample temperature.

emittance, which is directly comparable to

emissometer output. This graph gives the

degree of the output curve change for three

widely differing sample temperatures. As seen

from the graph, the degree of change is quite

small indeed. Thus, a single output scale is

possible when the samples are all at any
reasonable temperature level, although com-

pensation must be made if the samples are

not at the same temperature. This compen-

sation is made through using data such as

are presented in figure 13-2.
Also plotted in figure 13-3 are seven ex-

perimental data points, using the ordinate

directly as emissometer output. Although

the points do not fall exactly on the line for

the given surface temperature, they do confirm

the shape of the curve and allow compensa-
tion to be made for surface temperature based
on theoretical results.

Figure 13-4 gives the change of thermopile

output due i_) changes in platen temperature.
The platen temperature is affected by ambient

air temperature changes via the cooling water

supply. Of course, this depends on the effi-

ciency of the Peltier cooling unit at. a given

temperature differential of operation. Thus,
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FIOURE 13-4.--Thermopile sensing element tempera-

ture as a function of sample emittance, showing effect

of platen temperature.

a necessary question to be answered is "How

much do ambient air t.enlperature changes

affect the shape of the output curve, and thus

the accuracy of the instrument?" This ques-
tion can be answered by figure 13-5 in which the

data of figure 13-4 are presented as surface

emittance vs. normalized output which corre-

sponds to emissometer output. As can be

seen from the graph, little difference is observed

when the platen temperature is constant any-

where within a 20 ° F temperature differential.

It is assumed that the platen temperature
differential of 20 ° F more than covers the

ambient air differential of 40 ° F for which the
emissometer is to be utilized.

Description of Apparatus
An emissometer head based on this theory

is shown in figure 13-6 in cross section. The

surface 3 is a copper platen cooled by a thermo-
electric element. The hot surface of the

IO

ol %.oo5
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FIGURE 13-5.--Emissometer output and normalized
temperature ratio as a function of sample emittance,
showing effect of platen temperature.

$UR_CE TO 8E MEA$OAED

_RS-5 WlNOOW 0 - RInG CASE

TMER_OPlLE
_ECEIVER D_S_ _FLE

TH_R_O_LE
REFERENCE FRAME

DISK PLATEN

F_ouns 13-6.--Cross section of emissometer head (_IX).

thermoelectric element is kept at room tem-

perature by a small water-cooled cavity behind

the element. The platen surface is finished

in Parson's flat optical black. The platen

supports an Eppley Laboratory, Incorporated

8-junction bismuth-silver thermopile with a
_i4nch-diameter receiver disk. The receiver

disk of the thermopile is the surface 2 in the

above analysis. It is finished in carbon black.
A baffle maintained at the platen temperature

is placed over the thermopile and prevents the
thermopile from seeing any radiation except the
radiation from the surface to be measured

(dotted lines). The inner surface of the baffle

is finished in Parson's flat optical black. The

hole through which radiation passes may be

finished in either a highly reflecting material

to in]prove the coupling between the thermopile
receiver and test surface, or may be coated with

Parson's flat optical black. In the former case,
the measurement is more nearly of total hemi-

spherical emissivity and in the latter case, more

nearly of normal emissivity.
The reference junctions of the thermopile

are eight small receiver disks located around
bhe main receiver disk. These reference junc-

tions are maintained at the platen temperature

by radiant interchange with the platen and

baffle plate.
The construction is housed in a stainless-steel

case with an infrared transparent window.

The window material, KRS-5, is ahnost com-

pletely non-absorbent between :_ and 30

where the largest part of room temperature

blackbody radiations exist. The case is evac-
uated to between 1 an(I l0 _ Hg by a small

two-stage mechanical pump. A felt. seal is

692-146 0--63--_
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used to define _he distance between the head

and surface to be measured.

The [lead can easily be held in the hand. The

aperture diameter of 1.0 inch permits measure-
ment of small surfaces. A 15-ft umbilical

consisting of a rubber vacuum hose, two rubber

water lines, two lines for supply of tile thern_o-

electric element current, and two lines for

measuring the signal from the thermopile con-

nects the head to the console (figure 13-7).

FmvaE 13-7.--Emissometer inspection device console

showing emissometcr head, hemispherical reflectom-

eter head, filters, and test thermal control surfaces.

The console contains a power supply for oper-

ating the thermoelectric element (approximately

0-1 volt DC at 20 amp), a vacuum pump for
(;ontinuous evacuation of the head to keep the

window from frosting and to eliminate gaseous
conduction, and an amplifier for reading out

the thermopile signal. Thermoelectric element

cooling water may be supplied from house lines
or may be supplied by a circulator which cools

the water by means of a radiation fan heat ex-

changer. An interlock is provided which shuts
off the tilormoelectric cooler supply unless the

water is flowing.
When _ iliglfly reflecting surface is used as

the sample surface, a signal of about 0.15 milli-

volt is observed, indicating an apparent differ-

ence in te_perature between sample and

reference jun_tions. This zero signal is due to

energy rea(_hing the receiver disk from sources
other than the sample surface. This signal

may be removed by a variable bucking voltage

applied in series to tile thermopile ("low stand-
are sel"). The gain of the amplifier ("high

standard s_t") used to measure the thermopile

voltage may be adjusted to provide full-scale

indication when a high emissivity surface is

used as the sample. A typical output is 1.0
millivolt for a Parson's black standard with

emittance of about 0.97.

Emissometer Procedure

In pra_'ti('_,, a Fasson's foil standard (_=0.03)
and a Parson's black standard (_=0.97) maintained

at the same temperature as the object to be
measure(t ar_' used to calibrate the instrmnent.

The low standard adjustment is set to provide

an output meter indication of 0.03 when the
Fasson's foil standard is in place and the high-

standard adjustment is set to provide an out-

put meter indication of 0.97 when a Parson's
black standard is in place. The head is then

placed on the object to be measured and the
emittance ('_m be read directly from the dial

of the instrument. As a check, a sample of

the finish being measured, carefully maintained

and recently measured in the laboratory, is

measured by the emissometer and the reading

compared with that of the test object.

Emissometer Accuracy, Reproducibility, and

Drift

The a_urac_y of the emissometer is defined

as the ability of the instrument to determine

surface _,mitlances within a given tolerance

rang(,. This accuracy is determined by cali-

brating Ihc instrument to two known emittance
values; ().03 (Fasson's foil) and 0.97 (Parson's

black) and then using the instrument to deter-
mine the emittance values of at least four

additiomd surfaces whose emittances have pre-

viously h(,cn determined by calorimetric meth-
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ods. The difference in readings between the
actual values and the emissometer values is

defined as the emittance measurement uncer-

tainty and serves to give an emittance tolerance

for the emissometer in a given range. Typical
tolerances which the standard-model emissome-

ter is capable of meeting are as follows:

Measure-
Emitlance rnent

Range Accuracy

0<_<0.1 4-0.015

0.1<_<0.2 =t=0.030

0.2<e<0.5 +0.030

0.5<_<0._ ±0.040

0.8<_<1.0 ±0.050

As has been shown, the emissometer accu-

racy is directly proportional to the temperature
differential between the thermal control surface

to be tested and the standards used to calibrate

the instrument. As determined experimen-

tally, the effects of the temperature difference

are 40-/0 error per °C in the instrument reading

for a high-emittance sample. To eliminate

this known source of error, a surface-temper-
ature thermometer will be used to establish

the existing temperature differential. If possi-

ble, the standard will be brought to the thermal

control surface temperature; but, if this is not

possible, reference will be made to a temper-

ature correction graph for the proper correc-

tion factor. This graph is to be prepared
from existing data, part of which is shown in

figures 13-2 and -3, which cover the effect of

sample temperature changes from 40 ° F to

120 ° F at 5 ° F intervals, and the emittance
range of 0 to 1 divided into 25 intervals.

The reproducibility of the emissometer was

determined by taking five emittance readings

on seven samples and allowing 10 minutes to

elapse between readings on a particular surface.

The reproducibility is expressed as the maximum

spread of values thus obtained. Typical values
of reproducibility which the standard-model

emissometer is capable of meeting are as
follows:

Measure-
merit Re-

Emittance produc-
Range ibility

0<_<0.1 -4-0.015
0.1<_<0.5 ±0.020

0.5<_<1.0 +0.030

The tolerances of accuracy and reproducibility

are shown graphically in figure 13-8 together
with the measured values obtained with the

experimental model inspection device.

The drift of the emissometer, as determined

experimentally, does not exceed +2% of the

high emittance standard (Parson's black) read-

ing, nor does it exceed ±1% of full-scale

meter reading for the low emittance standard

(Fassons' foil) reading over a 1-hour period

without adjustment of instrument settings.

REFLECTOMETER PHYSICAL THEORY OF

OPERATION

Two types of reflectometers have been

tested. The first ("hemispherical instrument")

is useful for comparison work. The second

("spherical instrument") is used for the pur-

pose of reducing surface specular effects and,

in addition, for handling smaller samples than

can be handled on the hemispherical instru-

ment. In both cases, emphasis is placed on

the ability to obtain an ultraviolet absorption
of surfaces, since an increase in ultraviolet

absorptivity of the surface is the most sensitive
indication of surface deterioration.

Absorption measurements are made by meas-

uring the reflectance of the sample. In the
case of the hemispherical instrument, a beam of

light from a lamp is projected onto the surface

to be measured. As much of the reflected light
as possible is collected by a hemispherical shell

placed over the objec.t to be tested. The shell

is coated on the inside with a highly diffuse

reflecting coating such as magnesium oxide or

a more durable coating of fiat-white silicate

paint which directs the reflected light through a

filter to a photocell cathode. The photocurrent
from the cell is taken as a measure of the

reflected light at the filter pass wavelength.
The method is very simple and permits rapid

comparison of surfaces with a standard sample

of the same surface carefully maintained and

cimcked by a laboratory spectrophotometer.

The method does not provide absolute measure-

ments of reflectance, however, since the system

is much more efficient in collecting light from

diffuse reflectors than from specular reflectors.

Since degradation of surface does not generally

involve clmnges in the specularity of the

reflected radiation, the instrument may be used

as a comparison tool whenever a standard
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mental results.

sample of the surface to be tested is available.

The spherical instrmnent provides reflectance

measurements independent of the specular

nature of the surface and permits the measure-
ment of a much smaller (l-inch diameter) area

surface. A spherical cavity is coated on the

inside with a highly diffuse reflecting material
such as magnesium oxide or a more durable

coating of flat-white silicate paint. The sample

is placed at an aperture at one end of the sphere

and is diffusely illuminated by lamps whose

output is directed at the wall of the sphere; the

lamp output is baffled to prevent direct illumi-

nation of the sample. A small aperture at the

opposite side of the sphere from the sample

permits a lens to form an image of the salnple

on a photocell cathode blocked by a filter.

By comparison of the output from the photocell

for the surface to be measured with the output

for a surface of known reflectance (e.g., a

magnesium oxide standard) the reflectance may
be calculated.

Refleetometer Theory and Analysis

An approximate solution to obtain the output

of the reflectometer equipped with the spherical

diffusing head is as follows: Assume the total

energy into the diffusing chamber which can
affect the output of the phototube as

E--f I dx (31

where the integral is evaluated for the particular
filter wavelength range under consideration.

Assume that the energy into the diffusing

chamber can be related to the energy falling

on the sample I, as follows

[I= R_Fsphere.samNeE (4)

where

F Asaznple 1
"_phere'_mPle_ _ --16

for the given geometry, and ]?E is the effective

reflectance of the spherical head system to the

sample including the following effects as well
as many .tht*r effects peculiar to diffuse spheres

(ref. 1):

I. deviations from a perfectly diffuse wall

coating

2. light losses at entrance and by lens system
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3. interreflections within sphere and absorp-

tion by the sphere and sample

4. shadowing by lamp baffles
5. polarization within the enclosure
6. losses and reflections from the lens.

The energy transfer from the sample to the

lens aperture is

Is: F.=_..,,_ ._,.=.. p..=_, I, (5)

where Fsample.l_oavertur e is obtained from well-

known expressions for the view-factor between

two plane circular surfaces with common cen-
tral normal, and is 0.000960 for the reflec-

tometer geometry.
The output of the photocell is

W=KI_Ss,,TzTt (6)

where

K diaphragm placement constant. (K=I

when the photocell sees just the sample

area used in the above calculations.)

T_ lens transmittance given by

T,= f T,,dx (7)

Ty filter transmittance given by

Tr= f Tr,dX

S_t phototube sensitivity given by

s,,=f s,,,dx

(8)

(9)

where the integration for T,, TI and Spt is

carried out for the particular filter wavelength

range under consideration.

Grouping these expressions together gives

the photo tube output as

W= (Kp,=p_.R_ESp,TtTI)6X 10 -5 (10)

From equation (10) it may be estimated that

the output of the photocell will be a small
number indeed. To check the ability of the

instrument to yield sufficient output, a series

of experiments was performed with an experi-

mental model. The results gave readings

ranging from 29.0 to 0.22 millimicroamperes,

which are easily measured with the present

reflectometer output system.

flellectorneter Description of Apparatus

Both reflectometers use the same lamp, filter,

and photocell system to cover the rang__ from
green to ultraviolet (5500 /_ to 2537 ,_). A

low-pressure mercury lamp with a quartz

envelope is used as a source. The lamp pro-

duces a line spectrum, the most intense com-

ponent of which is the 2537 _ line. Sufficient

intensity is available in the green and blue

regions of the spectrum to permit measurements

to be made. Corning glass filters permit isola-
tion of the green, blue, and ultraviolet portions

of the spectrum. Although it is not possible
to isolate the 2537 _ line, a Pyrex filter can be

used to eliminate completely the 2537 /_ and

pass all the remaining lines with only 5%

attenuation. By comparing the reflection with-

out filters with reflection with the Pyrex filter
in place, the effect of the 2537/_ may be meas-

ured by subtraction. The photocell uses an

S-5 surface, which permits measurement from
about 2200 to 6000/_..

Figure 13-9 shows the overall sensitivity of

RESPONSE (ARBITRARY SCALE)

I I , I,

I

I

I

PYREX
CS-53

ULTRAVIOLET
CS 7- 54

BLUE
CS 5-57

, GREEN
CS 4-65

I ! I

2000 4000 6000

WAVELENGTH (A)

FIGURE 13-9.--Response of lamp-filter-photocell com-

bination. The no-filter response is 5 % higher in the

Pyrex filter curves and includes the 2537 A response

at about double the response shown for the ultra-

violet filter case.



124 Measurement of Thermal Radiation Properties of Solids

the system in arbitrary units, obtained by

multiplying the lamp output at each wave-

length by the transmission of the Corning filter

by the response of the photocell.

The hemispherical reflectometer is shown in

figure 13-10. The mercury lamp is placed in
[he cylindrical housing which projects at 45 °

REMOVABLE PHOTOCELL

I _ AND LAMP HOUSING
. PHOTOCELL POWER SIGNAL_

PHOTOCELL

WER

SORFA E TC BE MEASURED

FIGURE 13-- 10.-- tlemispherical reflect, ometer head

with four filters for use with ultraviolet lamp.

from the hemisphere. Two bathes in the tube

confine the emergent benin to the plane of the

sample. The hemispherical cavity contains a

flange with a felt gasket which seals the hemi-

sphere against, light h, aks. The p}mt.ocell is
placed in the cylinder at the top of the hemi-

sphere. Fihers are placed in the path of _be

light beam by removing the lamp housing.

The spherical reflectomeler, modeled after

the work of Kortum (ref. 2), is shown in Ihe

sketch of figure 13=11. Two low-pressure

mercury discharge lamps are used. :% quartz

lens produces an image of (he sa)))ple at the

stop position; the stop restricts transmission of
more than three-fourths ()f _)i(, diameter of the

in)age. Thus, evel] though the. focal phme

shifts slightly in passing rr'(,)) green to ultr)l-

F[C,URE 13-11.--Spherical reflectometer (cross section)

violet due t() the dispersion of the quartz, only
light from the sample reaches the photocell.

Both instruments use a similar readout

(levite. The device is basically a l,ion Research

Corl)ornlion standard electrometer, which per-

mits measurement of photocurrent from about

10 -_ amp full scale to l0 -7 amp fuI1 scale.

Reflectometer Procedure

When ,Is,'(l with the hemispherical bead, a

negligible amount of light re_l(!lles the photocell

ifa l)erfc,qly absorbent flat surface is used as ,

samt)le (e.g., if the head is directed into a dark
r<)()nl). The head is placed on the standard

sail)pit, ()f th(' sm'face to be measured, and the

sensitivity in('r(,ased until a substantial reading

is ,btained. The head is then placed ()n the

surfa('(' (,) h(' ),.,asured; (he same reading will
be obtained if the two surfaces are identical.

The si>/terical head shows a small p/i<)/<)-

('urre))( (lUll)U( when use(I on a perfectly ai>-

sorl)cr)( surf, co (e.g., directed into a darkened

room). "]'hi_ output arises chiefly from stray
light s(':)_Iere(l into the pholoce]l I)y the oplic)d

system. A zero control is used to remove this

)mwa))(ed ('Oml)(>))et)t from the sigmfl.

The )'e_,h)ut for the spherical ]mad is eali-

brale(l i)) the following way. A liar-white

silicate paint st.an(lard of 86% reflectance is

l)ln('('d ))t the s,u)ple position. The sensitivity
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of tile reflectometer is continuously adjustable

to give 86% scale indication with whatever
filter is used. A Parson's black standard with

reflectance of 50-/o is then placed at the sample

position, and the zero control is adjusted so

that the instrument reads 5%. Reflectance of

the sample may now be read directly oll the

output scale. The assumption can |)e nmde

that tile output for any other value of reflec-

tance between these wdues will t)c linear, and

an output scale can I)e so designed. However,

if serious nonlinearities tire present (lue to the

effective reflectance of the st)herical head

system to the sample (RE), the prol)lcm can t)e

solved hy experimentation or analytical solu-

tions of RE. The experimentation involves
further cltlil)r_tion with known standards,

which leads to the comparison function of tile

instrument, as well as utilization of a spec-

trometer to determine the exact wavelength

range for the system with eac]l particub_r filter
utilized.

The reflectometer can be used most accu-

rately for production testing of known thermal
control surfaces by utilization of carefully

prepared and measure(I standards for these
surfaces. In this numner tile reflectonleter

merely colnpares tile t hernlnl control sm'fa('e
reflectance wdues with the stundar(l surfa('e

wdues, and thus (leternfincs the (lifferenee in

readings between the surfa('es. Based on

prior linlits, the usability ()f the therniM
control surface is thus (Icternlined.

If a surface has no carefully prepare(I refer-
ence sample awtilat)lc, the reflectometer can

still be utilize(I to give reflectnnce wdues. In

this case, prior experimentation with the

sphericM diffusing helm is necessary to de-

termine the shape of the reflcetometer output

vs. reflectance curve. This will be incorpo-
rated into tile instrunmnt dial scale. The

reflectance determinations are obt,tined in

much the s_nne manner as tim emittance

measurements with the emissometer (i.e., by

use of high and low standards to calibrate the

instrument prior to use).

Hemispherical Head Reflectometer Drift, Sensi-
tivity, and Reproducibility

The (h'ift of the rctlectonleter, as determined

experimentally, W;lS essentially zero for practi-

cal us_Jge in the most sensitive re_,table range

over _i one-hour period.

The sensitivity of the reflcctonmter is defined

as the ability of the instrument to detect
changes of reflectance between two given sur-

fi_ces in a spectral hinge compatible to a given

lamp-filter cotnbimdion. The experimental
evidence has shown that the reflectometer

equipped with tile hemispherical head is capable

of detecting u !0.02 difference in reflectance

for any two surfaces of simihir specular nature.

The spherical head is also capable of (Ietecting

this same (lifference anti h_rgely elimin.ltes the

specular requirement, as observed in experi-

ments performed on magnesium oxide and
Fasson's foil.

The reproducibility of the reflectometer was

determined by taking five refectance readings

on seven samples and allowing l0 minutes
to elapse between readings on a particular

surface• The experimental evidence has shown

the reproducibility of the reflectometer to be

less than ±2.0% of full-scale reading for

the entire reflectance range.
The measurements obtained with the spheri-

cal head refectometer coated with magne-

sium oxide are shown in table 13-I as phototube

current output.

TAnLE 13-I.--Data .from Experimel_tal Spherical Ilead Reflectometer |Vilh 3Iag_e,_ium Oxide ('aati_g
(Values in mllllmleroamperes)

Filtm No spectmen *

L-N,I"Oil O. .... --_. ]._

(;re(m _ _ _ . 17

Bhto _ ...... _ ,10

[IV ...... 7't

Pyrex .... 59

Freshly prepared Freshly prepared

nlaenoshlm oxide ] lthlrllinilm foil

27.0 2!). 0

1. 2 1.3

4. I ,1,5

10. 0 10. 0

7,4 &0

Parmn's black

3. -1

• 22

• 52

I. 0

• ,_6

* Zero rea(lin_.,.

Skysl): r epoxy
white paint

S. 8

1.1

3.0

1.7

4.9

Ahmlintxm

,paint

20. 0

1. (}

3. 5

6. 7

5. S
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CONCLUSIONS AND RECOMMENDATIONS

The device which has been described in

this paper appears to fulfill a long-standing
need in the aerospace industry. The primary

utility of this instrument lies in its capacity

to make rapid determinations of the important
thermal radiative characteristics of hardware

items under manufacturing and launch base
conditions. This device may he used as a

tool for quality control, field inspection,

material acceptance, and a variety of similar

industrial applications.

The accuracy of deterIninations made with

this instrument is extremely dependent upon

the quality and quantity of reflectance and

emittance standards used in conjunction with

the measurements. Although some effort has

already been expended upon the development

of suitable standards, a major integrated

effort seems clearly indicated.

There are many indications that more

research and development effort on such a

device would be profitable in terms of acquisi-
tion of an absolute measurement device.

If the reflectometer energy source were ex-
tended to 1.0 _ the solar reflectance could be

determined with greater confidence. The phys-
ical principles upon which measurements are

based are sufficiently fundamental and directly
related t,_ _,,lar absorptanee and infrared

emittanee that absolute determinations of a,

and ¢ may be possible with the apparatus in

the ne_v futm.e. At present, however, this
inspection device must be regarded as a satis-

factory instrument for the practical evalu-

ation of surface thermal radiation parameters

with adequate engineering accuracy.
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1 4--CALORIMETRIC DETERMINATION

INFRARED EMITTANCE AND THE

RATIO

OF

BY R. E. GAUMER AND J. V. STEWART

LOCKHEED MISSILES & SPACE COMPANY, PALO ALTO, CALIFORNIA

The most important thermal radiation

parameter involved in the passive thermal con-

trol of spacecraft is the ratio of solar absorp-
tahoe to infrared emittanee--the a_/e ratio.

Various techniques exist for the determina-

tion of the o_,/e ratio of materials; most of them

involve a separate determination of a_ and of _.

Indeed, most present techniques measure spec-

tral reflectance over the appropriate spectral

region and the a,/e ratio is then calculated.

Such calculations are lengthy and arduous but,

most importantly, involve a series of assump-

tions regarding specularity, angular depend-
ence, surface profile, polarization effects, and

the like. Our present basic understanding of
the physical phenomena is far from complete

and, accordingly, it seems wise to develop

measurement techniques which require the
fewest assumptions in order to convert raw

data to meaningful information.
This paper will describe a device which was

designed specific_flly to determine the a_/e ratio

of materials in the room temperature range.

The data output is sample equilibrium tempera-
ture, which may be directly converted to a_/_

in one simple operation.

DESCRIPTION OF APPARATUS

Figure 14-1 is a simplified schematic diagram

of the a,/_ device. A sample, supported by its

own thermocouple leads, is suspended inside a

blackened copper inner chamber which is cooled
by liquid nitrogen and enclosed in a st.ainless

steel outer chamber in which a w_cuum of

1X 10 -_ mm Hg or less is maintained. Radiant

energy from a solar simulator is split and di-

rected by mirrors through openings at the ends

of the inner and outer chambers, thereby
irradiating the sample on both sides. The

temperature change of the sample is recorded

by a millivolt recorder and, from the plot of

temperature vs. time, a_/_ and _ can be de-

termined. Figures 14 2 and 14-3 are photo-

graphs of the general experimental setup.

PRINCIPLE OF OPERATION

The _/_ device operates on the principle

that a body, thermally isolated in a vacuum,

will absorb incident radiant energy according

.to its a for that radiation, and it will emit

thermal energy according to its total henri-

spherical emittance, e. For a given material, a

will depend generally upon the spectral distri-
bution of the incident radiation and _ will

depend upon the temperature of the material.

For space applications, one is usually interested

in the absorptance of a material for energy

with the spectral distribution of the sun. This

absorptance is referred to as a,. If the energy

balance is established for a body absorbing and

emitting radiant energy in vacuo (i.e., radiant

energy absorbed=thermal energy emitted÷

energy stored) one gets:

Io.A_+I_mA2=aA_T4+mC p d__T (1)
dt

where

[ intensity of incident radiation

absorptance of the nmterial for this radiant

energy
A_ area irradiated

I_ incident intensity from sample surround-
ings, i.e., in this case energy from the

liquid nitrogen walls; equal to aT,2

(T_80 ° K)

m absorptance of the sample for radiation

from the liquid nitrogen walls; approxi-

mately equal to

127
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0
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x
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I' 1

FZ_VRE 14-1.--Schematic diagram of _,,/_ device.

A2 area of sample seeing liquid nitrogen walls;

equal to A
a Boltzmann constant

A emitting area
emittance of sample

T sample temperature

m sample mass

Cp specific heat of sample
t time

since I,a,A_ = (_A_ T_ equation (1) becomes

IaA,=_A_(T4--T_ ) +m('p dT.
dt

Usually T_<<T 4 and the radiation from

walls is ignored.

(2)

the

The o_,/_ ratio is determined by irradiating

the sample with energy from a solar simulator

and allowing the sample to equilibrate. For

this case the energy balance becomes:

I_,A, = _.'1_ T 4 (3)

since dT/dt=O at equilibrium. Thus, the a,/e

ratio is represented by

_:( A2_ T'A,/I (4)

The intensity of ttle incident radiation is

determined by a calorimeter, set at the sample

position, whose surface has an aJe of unity.
Thus, I is given by the equation:

I =KT/

where K is the appropriate constant for the

calorimeter, and T, is the temperature of the

calorimeter.

For determinations of a,/e the sides of both

the calorimeter and the sample are made

negligibly thin. Thus, the emitting areas and

absorbing areas are equal and equation (4)
becomes :

, aT 4
Ols/E= 7

where

thus

I--_aTc 4

(Ty

If, after irradiation, the source is turned off

and the sample allowed to cool, the energy

balance equation becomes:

dT • '-, (6)
rnCp rTt=zA2_I"
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FIGURE 14-2.--Photograph of inner and outer chambers.

If it is assumed that Cp is independent of

temperature, the above equation can be

integrated to

(, 1)_-=3aA(t2--t,) _3 _ (7)

where T_ is the sample temperature at time

tl and T2 is the sample temperature at time

T2. When the temperature decay is recorded

with time, then the total hemispherical emit-

tance of the sample can be determined with

equation (6) or (7). The use of equation (7)

is preferable since equation (6) involves the

experimental determination of two quantities

(_and T4), thereby introducing more possible

errors than in equation (7).

ERROR ANALYSIS

General

ERROR IN DETERMINATION OF ols/e RATIO

Using equation (5)

4T3z_T 4T4AT_
A(a_/_) = _ T_5

since

AT= -i=2° K

45T
T =5=3%at300 ° K

•
i _de I
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FIOURF. 14-3.-- General

This is u 6070 error without t._lking into account
the wlriation of the sohtr simulator from tile

actual distribution of the sun. The effect of

this wtriation is discussed by Gaumer, Streed

and Vajt_t (ref. l).

ERROR IN THE DETERMINATION OF EMITTANCE

Using equation (6) _md _lssuming no error in
mCp, a, A, _n(t t2--tl, then

A_ 3AT

T

,ST= ± 2° K

A_
.'. .... ± 3% at 200 ° K

__2%at 300 °K

=± 1.5% at 400 ° K

eXl)erim(mtal setup.

It should be noted that unless certain pre-

eut, tions :_re taken, there will be an error due

to sl)e('ifi(' tte,_t. One re_ison for this is that

when the emithmce of coated samples is de-

sired, the c()alings will _ldd a certain unknown

thernml mass to tile sumple substrate. Then

it is neeess, ry either t,o c_dculate the thernml

nmss due to the eonting or to make the sample
subsln_te st) massive that the contributions of

lhe ('oaring to the total thermal mass is negli-

gible. Since, for ninny co_d, ings, the specific

hem is not well known, the latter method ratty
be more desin_ble. It is convenient to use as

n s_mlpte subs/rate a substance whose specific

heat is ver.v well known and whose thermal

e.p.city per unil volume is rehdively high.

A substance such as commercially pure copper

(99.9%) s_ti,_fies _dl these requirements.

..X,tmther prror is introduced because speeifi('

hem vtlries with telnperature, n f_lct, tlmt was
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ignored in the derivation of equation (7). How-

ever, if tile temperature increment is made

small enough, the error due to this effect

becomes negligible. For example, the specific

heat of copper changes less than 1% for each
10 ° K change above 280 ° K and for each 20 °

K change above 300 ° K. A 5 ° K to 10 ° K
increment is used in actual measurements. If

greater accuracy is desired, a curve of the de-

pendency of .specific heat with t.emperature
can be used in the integration.

Thus, it appears that the only significant

uncertainty in emittance is the uncertainty in
temperature. For most materials and tempera-

tures this will be true. However, in reality,

there are miscellaneous errors, discussed below,

which seriously affect the accuracy of this

particular device in the measurement of low

emittance samples at low temperatures.

Miscellaneous Errors

NEGLECTING Tw4

Neglecting 7,/ will cause less than a 1%

error above 253 ° K and less than 2% error at

213 ° K, for a wall temperature of 80 ° K.

Since equation (2) requires determination of

the slope as well as a T 4 term, another 3% to

4% error cannot be avoided. Thus, it appears

that the integrated fornf is the most accurate

for use down to 200 ° K. As will be seen, the
accuracy of the a,/e device decreases markedly

below 225 ° K and so T_ _ can be neglected for

all cases of interest (T_225 ° K) without

affecting the accuracy of the instrument.

REFLECTION FROM THE WALLS

In the a_/e device the cold walls are coated

with Parson's black paint, which has the

properties of being tfighly absorbing (a----_0.97)
and nonspecular. This, plus the fact that the

view factor of the chamber to the sample is

less than 0.06, insures that a negligible amount
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of energy, which has left the sample, will

return to the sample.

GASEOUS CONDUCTION

The vacuum chamber is kept at a pressure of
2X10 -6 mm Hg or less during each run.

Calculations of heat transfer due to gaseous
conduction assuming free molecular flow and

Maxwellian distribution show that gaseous

conduction can be considered negligible, above

300 ° K, for a vacumn qf 2X10 -_ mm Hg.

Table 14-I compares the energy radiated by
a sample of 0.02 emissivity with the energy
lost by gaseous conduction.

HOLES IN CHAMBER

The estimated view factor of the sample
to the holes in the chamber is less than 0.01.

Since tile holes are at room temperature, the
error associated with the holes in the chamber

wall will be less titan 1% for all temperatures
above 300 ° K. At 200 ° K this error rises to

4% and is independent of the emittance of

the sample.

TtIERMOCOUPLE CONDUCTION LOSSES

Conduction losses due to radiation and

conduction in a rectangular fin have been

reported by S. lfieblein (ref. 2). The results of
this report can be used to determine the con-

duction losses in a thermocouple wire by lnaking

an appropriate geometrical transformation. Calcu-
lations were made for a 0.013-ram-diameter

chromel-alumel thermocouple 2.5 cm long, as-

suming a thermocouple end temperature of

275 ° K and an emissivity of 0.2. For a sample

temperature of 260 ° K there is essentially

no thermocouple loss, but on either side of this

temperature the conduction term becomes sig-
nificnnt. At sample temperatures above 260 °

K there is conductive gain to the sample.

Since tile thermocouple loss depends upon the

jm_ction temperature _m(I the emittances of

TABLE 14-I.--Estimate oJ Error Due to Gaseous ('onduction

20O

25O

3(10

Heat radiated by
sample, watts/m_

1,_1

4. 43

9. 19

Gaseous conduction

poss., watts/ill 2

3.7(,t ::* 1()--'

5.37 ;/ I ()--_

6.95 X 10-:

Error

'2

1

<l
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the thermocouple wires, neither of w}lich is well

known and which wiry from run to run, the

the absolute thermocouple conduction loss is

probably not known to better than an order

of magnitude. Table 14-II gives an estimate

of the possible error for a 0.02 emittance

sample.
Table 14-III summarizes the errors in emit-

tance for various emittances and temperatures.

Some typical emittance data for different ma-

terials are given in Table 14-IV.

CONCLUSIONS

These data indicate that file accuracy of a

device designed specifically for room tempera-

lure determinations is severely degraded at

lower temperatures. In order to determine

Measurement of Thermal Radiation Properties of Solids

emittance by this method at lower tempera-

tures, i.e., in the range from 250 ° K down to

100 ° K, major design modifications would be

necessary.

The extension of applicability of such a

device to the high temperature regime (300 °

K<T<I000 ° K) should be a simple design

problent. W_rk is in progress to produce an

instrument ('_q)able of accurate me'lsurements

in the cryogenic temperature range, but here

the ext)erinwntal difficulties are considerable.

The present device works well in emittance

deterniimltions but very accurate determina-

tions of a_/e are dependent upon the develoP-

uient of a satisfactory source of solar radiant

energy.

TABLE 14--I[.- Estimate o] Error Due to Thermocouple Conduction Loss

T °_(

200

250
300

350

[For 0.02 emtttance sample]

tIeat radiated by Thermocouple ',o_s,_ %
sample, watts waits

5.64 _ l0 -3

1.3£ >( 10 -2

2._6 >_ 10 2

5.39 ::< l0 2

12, ).: l0 _ 32

1 _ l[) _ 4

2 ", [(1 _ 4

TAnI_E 14-III.---Errors in Emittance [or I'arious [_]1_rit/ffDCe8 and Temperatures

o K

200

250
300

350

Error independent of remittance, _.

Ew

'2

1

4

'2

EA Er Total

-I

3 9

3
'2 '2

Error dep-ndent upon emittance, %

, =o.o2 I
e=0.10 _:0.50

E, E_

') 32

1 1
4

4

I

Total' ] Er E,

43 6
6

3

3

E_ Total*

- 6

'2
,)

]

1

*Includes all errors dependent or independent of emissivity.

Ew---error from neglecting temperature of the wall.

Eh--error due to holes in chamber.

ET error due t(, temperature measurements.

Et--error doe ttJ gaseous conduction.

Ec_rror due to thermocouple conduction.
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TABLE 14-IV.---Typical Data for Different Materials
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Materlul

Parson's black ................................

Polished copper .................................

Rokide C ..............................

Alumintml pigment in silicone binder .............

White acrylic paint ..........................

Leafing ahtminum pigment in acrylic binder ......

Non-leafing ahJminum pigment ill acrylic binder __

Aluminum foil ..................................

Material

Aluminum foil ...............

White acrylic paint ..........

Non-leafing aluminun/ pigment in acrylic binder___

Leafing ahtminmn l)igment in acrylic binder ....

Reflectance
techniques

O. 92+0. 06

• 02 + •
05

-- .01

• g0 ± . 05

• 20-k . 05

• ,_4 ± . 05

• 33 ± . 05

• 4tq ± . 05

03 + . 05
-- . 02

Emittance

Total
hemispherical

apparatus

O. (,)71 ±0. 003

• 02g± . 002

• g35± . 003

a/* Ratio

a/e Device

0. 95±0. 04

• 015_. 005

Reflectance techniques

I. 5--12.0

• 31 ± . 06

• 92 ± . (),_

• 64 ± . (),u

• 85 ±. 04

• 21 _. O1

• 84 _. 04

• 35 ±. 02

• 49 ±. 02

• 03±. O1

a/* Device

2.8±1.0

• lg±. 04

• 94 =E. 20

• ,_0 ±. 20
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15--METHODS FOR EXPERIMENTAL DETER-

MINATION OF THE EXTRA-TERRESTRIAL

SOLAR ABSORPTANCE OF SPACECRAFT

MATERIALS

BY R. E. GAUMER, E. R. STREED, and T. F. VAJTA

LOCKHEED MISSILES & SPACE COMPANY, PALO ALTO. CALIFORNIA

Two basic methods of experimentally determining solar absorptance are described

Spectral diffuse reflectance and total simulated solar absorptance measurements are com-

pared i_ terms of accuracy, instrumel_tation, saml)lc requirements, and data reduction.

The use of sp_ctral data during material development to optimize desirable optical character-

istics is shown. The need for good solar spectral distribution simulation is emphasized for

total absorptance measurements. Typical data obtained by each method are included.

The temperature control of spacecraft is

generally accomplished by a radiation heat bal-

ance with the space environment. Thermal

energy incident on a spacecraft originates from
any or all of three sources: direct solar insola-

tion, planetary albedo, and planetary emission.

For a near-earth satellite, the relative magni-
tude of these three sources are in the ratio of

approximately 6:2:1, respectively. Both the
insolation and albedo are comprised of the solar

spectrum; a thorough knowledge of how much

of this energy is absorbed by the spacecraft is

mandatory if the temperature is to be con-

trolled. Although the literature contains con-

siderable solar absorptance data (refs. 1, 2, 3,

and 4), a continuing need for additional meas-

urements exists to develop new materials and

to determine values more precisely for space
applications.

MEASUREMENT PHILOSOPHY

Generally, two types of solar absorptance (as)
measurements are made to determine total or

spectral values. Spectral data are most useful

during development of materials because they

can provide significant information regarding

optimization of parameters such as thickness,

composition, surface roughness, angular depend-
ence, and stability. To obtain the effect of

these parameters, a measurement technique

must be inherently reproducible, in addition,

the technique must provide adequate spectral
resolution over the solar radiation spectrum to

enable integration of the data with respect to
wavelength to obtain a measure of the total

solar absorptance. The technique must also be

adapted to rapid measurement of easily pre-

pared samples and present the data in a form

which can be readily compared in successive
measurements or reduced by automatic meth-

ods. In essence, the techniques must provide

research data in a routine manner.

Total absorptance determinations imply il-
lumination of a surface and the measurement

of the amount of energy reflected or absorbed.

Simulation of the space environment in terms

of pressure, temperature, spectral distribution,

and incidence angle are desirable but not

absolutely necessary. Because the data are

used for design purposes, absolute accuracy is

the prime objective. The experimental pro-

cedure should be subject to a completely

objective evaluation of the total resultant un-

certainties. Sample preparation and exposure

sh_)uld realistically duplicate service conditions.

The method requires precise instrumentation
attachment and measurement accompanied by
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careful data reduction and analysis. Measure-

ments are usually made only on surfaces care-

fully selected for a particular application.

Both types of measurements are dependent
upon accurate knowledge of the extra-terres-
trial solar distribution. Data in the ultra-

violet and infrared regions are particularly

subject to revision as new solar spectral meas-

urements are reported. For instance, values

of the fraction of energy in the spectral band

from 0.300p to 0.359p have discrepancies of

10°'/o regularly and variations as large as 400/0

have been observed. Although only relatively

small amounts of the total energy are in this

region, the inherently greater absorptance by

most materials makes a 10°/o uncertainty of
significant importance when calculating or

predicting spacecraft equilibrium temperatures.

Seasonal variations of 3.4% axe caused by

changes in the earth-sun distance. The extra-

terrestrial solar constant, 2.002 cal-cm-2-min -_,

has been estimated to be in error by less than
3.0% (ref. 5).

MEASUREMENT PROCEDURES

Spectral Reflectance

The measurement requirements outlined for

spectral data essentially dictate the use of a
reflectance method. Diffuse refectance deter-

re|nations in the spectral range from 0.25 to

2.0p usually employ an intergrating sphere and

a spectrophotometer. A comprehensive re-
view of integrating spheres for determination of

reflectance as a function of angle of incidence

has been reported by Edwards et al. (ref. 6) for
spectral measurements from 0.33 to 2.5p. No

attempt to perform measurements as a function

of angle is reported in this paper.

The particular apparatus utilized in this work

is the model 14M Cary recording spectrophotom-
eter with a Cary model 1411 diffuse reflectance

attachment.' The optical system, shown in

figure 15-1, employs two lenses and a 45 °

mirror to direct the non-dispersed radiation

from the light: source through the bottom sphere

port onto the sphere wall. The radiation is

diffusely reflected within the sphere to illumi-

nate the sample and reference materials posi-

tioned at their respective ports. The radiation

I Applied Physics Corp., Monrovia, Calif.

M3

-°Ti
MgO- COATED

kll SPHERE INTERIOR _

TO MONOCHFI_ATOR $OURC F _NT_E

AND DETECTORS APtERTURE

FIaUR_: 15-1. Schematic diagram of the integrating

sphere and associated optics used for spectral re-

flectance measurements from 0.27 to 1.8 _.

reflected from the sample and reference mate-

rials passes througtl the appropriate sphere ports

to be chopped and alternately directed into the
double lnono,'hrometer. The monocilromatic

radiation is directed to the appropriate detector

and the ratio of the resultant individual signals

is electronically amplified and presented on a

stripcharl re(_order in terms of reflectance vs.

linear wavelength. A 500-watt tungsten pro-

jection lamp and a lead sulphide detector are

used in the infrared, and a high pressure 100-
watt mercury lamp and a 1P28 phototube
detector are used in the visible and ultraviolet.

Correction for the spectral reflectance of the

reference and other optical differences between

the two paths can be compensated for by an

adjustable electrical cam (multipot) as a func-
tion of wavelength, permitting data to be
recorded in direct reflectance units. The sam-

ple port can lie positioned with respect to the

sample viewing optical axis to permit measure-

ments including or excluding the specular com-

ponenl of reflectance. Usual measurements

include |)oth specular and diffuse reflectance.

The sample spectral absorptance is determined

from the simple relation for an opaque material,
p+a-t.

There are several possible sources of error,
such as stray or scattered radiation, electronic

amplifier and recor(ler noise, nonisotropic sphere

radiation distribution, reference material reflec-

tance ina('curacy, and data reduction. Estab-

lished lesi s for stray or scattered light, electronic

noise, r_'sponse time, optical alignment, and

sphere coating efficiency can be performed to

veri fy th)t t reproducibility of 0.01 transmittance

unit t'_m be ti,hhieved. The errors due to sphere

nonhonl()geneities and aperture area (4% of
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the total sphere surface) are difficult to assess.

Reference 7 reports the error due to sphere

inefficiencies for a comparison-type measure-

ment to be approximately 0.01 in total reflec-

tance when the ratio of aperture areas to total

sphere area is 0.05. The error was shown to be

approximately the same for specular or diffuse

samples if the sphere is designed so that no

primary incident radiation is reflected through

a port on the first reflection from sample or

reference. Both reference and sample ports of

the 9-cm diameter magnesium oxide (MgO)

coated sphere are baffled from the area where

incident radiation initially impinges. Undoubt-

edly the greatest source of error results from
the lack of absolute reflectance values or

instability of the reference material. Long-
term studies and experience with MgO, magne-

sium carbonate (MgCO_), and vacuunl-depos-
ited aluminum have resulted in the choice of

aluminum as the most stable, easily handled,

and reproducible material. Initial use of

MgCO3 was hampered by water wtpor absorp-
tion and the resultant absorption peaks at

1.39 anti 0.85g. Variation in the reflectance of

MgCO._ as measured at LMSC and by others

(refs. 8, 9) is shown in figure 15-2. Integration

of the maximum and minimum reflectance

values shown with respect to the extra-terrestrial

solar distribution indicates that an uncertainty

of 0.04 could occur in determining a, of a

spectrally flat coating.

Attempts to use MgO as the reference

material resulted in the preparation of a new
standard almost daily, and even then the

reproducibility of freshly prepared coatings

indicated approximately 3% variations. The
change in reflectance of MgO with ultraviolet

exposure time is shown in figure 15-3 (ref. 10).

The change in reflectance as a function of time

after preparation (varying from 5 minutes to

4 months), also shown in figure 15-3, supple-

ments measurements reported in reference 6.
The difference in total a_ for the extreme values

shown for MgO would result in an uncertainty

of 0.06 for a spectrally fiat surface. MgO has

the additional disadvantage of being susceptible

to damage from shock and handling because of

inherently poor adhesion.

The extensive work by Hass (ref. 11) perti-

nent to the spectral reflectance of vacuum-

deposited aluminum has been investigated

further by Janssen et al. (ref. 12) as shown in

figure 15-4. The relatively good reproduci-
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FIGURE 15-2,---The reflectance of magnesium carbonate measured under various conditions by s_vcral investigators.
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FIGURE 15-3.--The reflectance of magnesium oxide measured under various conditions and by several investigators.

bility and stability above 0.4u for coated,

optically polished glass suggests it as a practical
reference material. The reflectance below 0.4u,

shown in figure 15-4, becomes increasingly

lower at the shorter wavelengths for coated

window polish glass, which presumably would
be the poorest surface used as a standard.

Integration of the extreme reflectance values

shown in figure 15-4 with respect to the extra-
terrestrial sun results in an a_ of 0.12 for the

window glass and in a, of 0.08 for the data
of Hass.

The solar absorptance is defined by

" v_sxdX
(1)

where ax=monochronmtic absorptivity, sx=

monochromatic intensity of solar radiation,

and },=wavelength. Because finite wave-

length intervals _X must be selected to specify

the intensity, a_ can be approximated by

(2)

where aT,, is the average monochromatic

absorptivity for the mean wavelength _,,_of the

particuh_r _;_. Equation (2) may be written as

and.f_ is defined as

f= s_,aX

" s_dA

Thus,.f represents the fraction of the solar con-
stant associated with the wavelength interval

AX. The solar spectrum is divided into equal

energy fractions, n, and these fractions are
multiplied by aT, and summed to give o_,.

The data reduction procedure is performed by

manually taking reflectance values directly
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FIOVRE 15-4.--The spectral reflectance of vacuum deposited aluminum for several conditions.

_8

from the chart recording. A maximum of 100

points can be taken over the spectral interval

from 0.27 to 1.8_ or as few as are necessary to
adequately define points of curve inflection.

It has been experimentally determined that by

judicious selection, 15 to 30 points is sufficient
to give values of a, within 0.5% of those ob-

tained by taking 100 points. The solar spectral

energy distribution curve of Johnson (ref. 13)

is then numerically integrated with the spectrM

reflectance as a function of wavelength at these

15 to 30 points on an IBM 7090 computer in

1% energy increments. The resulting value
of normal solar reflectance is then subtracted

from 1.0 to obtain normal solar absorptance,

Because solar energy exists beyond each end of
the spectral range measured, 0.35_o below

0.27# and 7.5_, above 1.8_, approxima-

tions are routinely programmed to account for

this energy as determined from measured re-

flectance values for wavelengths adjacent to

the particular region. When greater accuracy

is desired, spectral data obtained from infrared

reflectance measurements can be similarly inte-

grated. Total uncertainties in the data reduc-

tion procedure are considered to be less than
0.01.

Because of the difficulty in deriving an ex-
pression to relate all of the error sources related

to the measurement procedures, it is convenient
to add the individual errors to obtain a maxi-

mum uncertainty as follows:

Ap.,=AI 4- AE+ AR,+ AD
where

AI=instrumentation errors=0.01

AE= sphere inefficiency= 0.01
_//,= standard material reflectance error = 0.04

AD=data reduction error=0.01

A resultant error in a, can be calculated by

assuming Ap,=Aa_=0.07; then for a,=-l.0,
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Aa,/a,=O.07/1.O or a 7% error results. If

a,=0.1 then &a,/a,=O.07/O.1 and a 70°70 error

is indicated. In actual practice, the percentage
error is less for the extreme values shown be-

cause the instrument zero and 100% can be set

accurately, and because the reference material
reflectance values are chosen between the

possible extreme limits. Uncertainties in

knowing the solar constant cannot rightfully
be considered a measurement error and the

random nature of electronic and data reduction

should combine to give an rms error of about

4-0.01.

Absorptance Technique

Another technique exists for the experimental
determination of solar absorptance, a,. The

physical principle for this technique is the
following: a thin disc of known thermal mass

is suspended in an evacuated chamber with

blackened cryogenic walls and is uniformly

illuminated by a radiation source equivalent
to the sun. The sample will equilibrate at a

temperature dependent on the a,/e ratio of the

sample surface; when the radiant source is

removed the sample temperature will decay as

a function of the surface emittance and, having

experimentally determined both a,/_ and _,

the solar absorptance may be calculated. The

physical principles may be analytically repre-
sented as

p A£ px2
=--_ I s_,,_dX (3)

l,v ,,,,/XI

P radiant power absorbed by the sample

A sample absorbing area=2_rr 2 (neglecting

edges)

R distance between sample and source

£ solid angle viewed by the sample

sx source spectral radiant intensity

ax sample spectral absorptance

X_;X2 wavelength limits (0.3u to 3.9u for 1%

simulation)

Since A, R, and .q are all known instrumental

parameters, the energy absorbed by the sample

may be more simply expressed as

1 =cl/,jx .','_m,dX (4)

In the case of an equilibrium determination of
a,/e the energy balance becomes

! =Cl/'ax s_cjX=Aa_,T/ (5)

where

,,--sample emittance at temperature T,

T,=sample equilibrium temperature
a= Stefan-Boltzmann constant

Performing the indicated integration of the

appropriate solar spectral range and lumping

instrument, al constants,

I,_,=c_.,,T? (6)

where I= intensity of the source.

T,*

a_/e,=C2 -7-"

Thus,

(7)

The tectmiques for determination of sample

emittance _, have been described in sufficient

detail elsewhere (ref. 14). Assuming that _,

has been determined, either from a tempera-

ture decay curve or by some other method, the

governing relationship is

_,T; (s)
a,=c= I

The samples employed are usually 1 in. to
1}_ in. in diameter and are as thin as is com-

patible with structural requirements to min-

imize transverse thermal gradients. A thick-
ness of 0.050 in. is common, and, if coatings

are being measured, care must be taken to

coat the edges as well as the faces of the samples.

The sample calorimeter must be sufficiently

large with respect to the sample that radiative

thermal interchange is largely geometry-inde-

pendent. A chamber of 6-in. diameter and

10-in. length fulfills this requirement. The
calorimeter walls are maintained at about

80 ° K t.o ensure negligible heating of the

sample by radiation originating at the wall.
The walls must be blackened with a material of

very high absorptance so that no reflected solar

radiation is incident upon the sample. Parson's

optical black lacquer, with a,=0.99, may be
employed.
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The vacuum must be maintained at a level of

10 -2 mm Ilg or less to ensure that all heat

transfer is by radiation. Standard vacuum

equipment consisting of forepump, diffusion

pump, trap, and baffle is adequate. Two

sources presently in use are the 800-watt xenon

compact arc lamp 2 and 10-mm [_trex carbon
electrodes? Both sources are used in con-

junction with an Ashcraft Super-High Lamp

Projector. _
A front surfaced aluminized nfirror 16-in.

in diameter collects and directs the energy to an

aluminized open wedge. The divided beam is
collected and focused into the calorimeter as

shown in figure 15-5. Sapphire windows, 1/'2/

MZ

R_D_ANT

ENERGY

SURFACE

LIQUID

M3

FIG'dRE 15-5.--Double aperture solar absorptance
apparatus.

in. in diameter, are located at opposite ends of

the calorimeter. Sapphire transmits energy
over the spectral band from 0.2 to 6.0_ and

remains relatively cool because of its good

thermal conductivity. A complete description
of the apparatus is given in reference 15.

Sample temperature may be determined by

means of 0.005-in. diameter thermocouples.

Thermal conductive losses through the ther-

2 Manufacturvd t)y ||anovia I,amp l)ivision of

En_h,hard Hmmvia, Inc.

3 Manufactured by Th(, N'_tiona] Carboz, Co.

.Manufactured by C. S. Ashcraft Mfg. Co.

mocouple leads can constitute a significant

experimental correction; consequently, it is de-

sirable to minimize thermal conduction by

making the A/L ratio as small as is consistent

with good thermometry. Temperatures usually

are recorded On 'a strip-chart potentiometer
recorder, so that true thermal equilibrium can

easily be judged and also to facilitate emittance
determinations by graphical reduction of the

time-temperature decay curve.

It is "instructive to perform an error analysis

of solar absorptance determinations by this

technique, both in order to estimate experi-

mental accuracy and also to point out problem
areas. From the basic relationships of equation

(6), it can be shown that

h_ 4AT-_Ae hi
-_,= T- _ I (9)

The emittance e can be determined calorimetri-

cally to within 5% with ease, and to 3% with

some difficulty. Intensity determinations in

the one solar constant range may be performed

with an accuracy of 3-5%. Also contributing

to the source uncertainty are intensity varia-

tions caused by arc wandering and uneven

electrode feeding for carbon arcs and envelope

transmission and general degradation with time

for the gas filled arc lamps. Short-term fluc-
tuations between 5 and 10% have been experi-

enced and have resulted in sample equilibrium

temperature variations of 3 to 5%. The other

large uncertainty involves accurate sample

temperature measurement. If the intensity

employed is 0.14 watt/cm 2, then the calculated

equilibrium temperatures are as follows:

_./_ T(°C) _T
l0 434 5

5 320 3

1 123 2

0.2 --7 2

0. 1 --49 2

The probable practical

perature measurement

uncertainties in tem-

are indicated in the

right column. The values shown above indicate

approximately 1% accuracy in AT/T, thus
causing a 4v/c error in a,. The maximum un-

certainty in the determination of a, by this

procedure is about 14_. With careful experi-
mental procedures, an rms error in a, of 8% is
indicated.
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Departures of the radiant source from exact

duplication of the spectral intensity distribution
of the extra-terrestrial sun will cause additional

uncertainties. Referring to equation (3), if s_

and ax are known, both ._'and a_ are completely

calculable, since the extra-terrestrial solar spec-

tral distribution is known with relatively good

accuracy. Because of the normally greater ab-

sorption in the ultraviolet by both organic and
metallic materials, the solar simulation source

must emit adequate radiation in this spectral

region. Two commonly-available sources are

specialized carbon arcs and gas-filled arc lamps

of xenon and xenon-mercury. Evaluation of

these sources can be made by comparing their

spectral characteristics with those of the extra-
terrestrial sun.

The spectral distribution of the Diamant
1600-watt xenon lamp without reflector (ref.

16), 10-mm diameter Ultrex carbon arc elec-

trodes operated at 155 to 160 amperes, _ and the
terrestrial solar radiation for air mass--l.0

(ref. 5) were normalized and compared with the
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FzG(TR_ 15-6.--Spectral distribution of xenon-diamant
1600-watt lamp witilout reflector (ref. 16).

,_Aecordin_ to a privatq, ('t)mnmtd('atiot_ from Na-
tional Car|)ott Co.

spectral distribution of the extra-terrestrial sun

(ref. 13) and absorptances for these sources were

calculated usin_ 2_ equal energy intervals over
the spe('trM region shown in figures 15-6, -7,

-s, an(t 9. Values of a+ for each source were

9O

8O

0.4 0.6 0.8 I+0 L2 1.4 1.6 L8

WAVELENGTH(_)

lqolu_: |5 7. -Spectral distribution of 10-ram Ultrex
carbon electrode. _
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Fl(;vm-: 15 S. Sp(*ctral distribution of solar irradianee
at uptical mass= 1.0 (ref. 1:1).
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FI_URE 15-9.--Spectral distribution of extraterrestrial

solar irradiance (ref. 13).

computed, as described in the data reduction,
for a flat absorber, a UV absorber, a flat reflec-

tor, and partial solar absorber. Table 15-1
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lists the computed values for convenient com-

parison. No significance should be attached

to the third decimal number, other than as an
indication of the magnitude of differences. The

absence of UV radiation in the terrestrial sun

is particularly noticeable in the higher visible-
reflecting surfaces because of their inherent

absorption in this spectral region. Resulting
a, values are, therefore, lower than values ob-
tained for extra-terrestrial conditions. Obvi-

ously, the flat black coating values are not

susceptible to variations in spectral distribution.
The differences in values for aluminum foil

apparently results from the xenon lamp peak

energy at 0.8p and the carbon arc energy peak-

ing at about 0.4u. It is apparent that a, for
coatings with significant spectral variations

could readily vary by ±10 to 15% from the
desired extra-terrestrial value, unless correc-

tions for spectral differences are made.

RESULTS

The characteristics of materials which influ-

ence the solar absorptance magnitude and
stability must be carefully measured and ana-

lyzed prior to specification of the material for a

particular application. Figure 15-10 shows tim

0 1.7 MILS
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,,", 4.5 MILS

0 6.1 MILS

I I l l I I I I I I I I I
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FIGURE 15-10.--The spectral variations in reflectance of an inorganic paint as a function of coating thickness.
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TABLE 15-I.--Calculated Total Solar Absorptance _ Four Typical 31aterials When Irradiated With

Sources of Different Spectral D%tribution

Coating UItrex carbon Sea-Ievel sun Extra-terrestrial Xenon arc
sun lamp

Inorganic white paint ...................

Aluminum foil ....................

Black fiat paint ....................

White acrylic paint ................
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FIOURE 15-1l.--The spectral reflectance of a pigmented sodium silicate coating with three different pigment-to

vehicle (P/V) ratios.

dependence of spectral reflectance on thickness

for a white acrylic coating. A thickness greater

than 5.0 mils (0.005 in.) is necessary to ensure

achievement of uniformly high visible and
near-infrared reflectance. Values of a_ varied
from 0.30 to 0.22 for the 1.7- and 6.l-hill ttfick-

nesses, respectively.

The optimization of pigment-to-vehicle ratio

in the development of a white inorganic coating
(ref. 17) is shown ill figure t5-11.

The importance of ultraviolet perfornlance

to predict the stability of a., in the space en-

vironment nmst be considered on all exterior

coatings. Figure 15-12 illustrates the spectral

nature of ultraviolet exposure effects on an

epoxy coating and the resultant change in a,
from 0.21 to 0.46 for the equivalent of 500 sun
hours.

The role of spectral reflectance measurements

in investigations of this type clearly cannot be

duplicated by any other existing measurement

technique.

Table t5 II presents a, values for typical

thermal control surfaces investigated at LMSC

with the described reflectance apparatus.

CONCLUSIONS

The role of spectral reflectance measurements

for optimizing solar optical characteristics dur-

ing material development cannot be duplicated

by any other existing measurement technique.
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TAm,E 15-II.--The Solar Absorptance (as) and Total tlemispherical Emittance

Typical _Waterials Used for Spacecraft Thermal Control
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(_) at 500 ° R ./or

Material Identification 500° R ,B

Flat absorbers

Rokide "C" . ......

Platinum black beryllium__

Black acrylic paint ......

Black silicone paint ......
Flat reflectors

Leafing Al acrylic ....

Nonleafing A1 acrylic _ _
Al silicone ..............

AI silicate ...........

Solar absorbers

Aluminum ............

Gold over titanium with resin under-

coat.

Berylliu_a ............
Inconel-X foil .............

Solar reflectors

Pigmented sodium silicate paint ......

Epoxy white paint .....

Sapphire .........

White plastic tape .........

Flame-sprayed chrome oxide .......
Electrolytic deposited .........

Sprayed to 5.0 mils _

Sprayed to 5.0 mils ................

Sprayed to 3.0 mils .......

Sprayed to 5.0 mils .....

Sprayed to 5.0 mils ....

Sprayed to 4.0 mils ......

Polished and degreased .....
Polished ........

Chemically and mechanically polished __

Chemical polish .....................

Sprayed to 5.0 mils .........

Sprayed to 5.0 mils .........
Coated on back side with silver .......

Pressure-sensitive ..............

_A

0. 90

• 94
• 94

• 89

• 30

• 44

• 25

• 35

• 39

• 30

• 44
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• 14
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.14
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FIGURE 15-12.--The spectral variations in degradation of a white acrylic paint resulting from ultraviolet exposure•
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The achievable accuracy compares favorably

with absorptance measurement techniques for

materials with values of a,, above 0.20. For

materials with absorptances less than 0.20,

routine absorptance techniques should be in-

herently more accurate for existing sources.
Prior knowledge of the material spectral ab-
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sorptance and the source spectral intensity can

enable further corrections to total absorptance

data. The development of improved solar

simulation sources and accurate stable reflec-

tance standards is _t prerequisite to better

measurements.



16--EMITTANCE MEASUREMENTS AT

SATELLITE TEMPERATURES

BY G. D. GORDON AND A, LONDON

F_CA ASTRO-ELECTRONICS DIVISION, PRINCETON, NEW JERSEY

Measurements of the total hemispherical emittance have been made using calorimetric
techniques; both transient and steady state measurements have been used.

The sample, in the form of a thin plate (2 in. x 2 in.), is suspended within a cylinder
located inside a vacuum chamber. For transient measurements the cylinder walls are
cooled with liquid _litrogen, and the sample is heated with an arc light. When the arc light
is turned off, the emittanee can be determined from the rate of change of temperature and
sl)( cifie heat of the sample, For the steady state measurements an electrical heater is con-
taincd inside the sample, and the emittance is determined from the equilibrium temperature
and the electrical power input.

The apparatus was originally designed, and is still used, to measure the ratio of absorp-
tance to emittance. In order to decrease errors due to time variations, the sample time
constant was decreased by making the sample as thin as possible; this also minimizes thermal
gradients in the saml)le. The conduction along the supporting wires is minimized by using
only the two thermocouple wires (and two power leads when necessary) for support, and
minimizing the wire diameter (0.003 in. to 0.010 in.). Conduction through the gas is min-
imized by maintaining the l)ressure below 10-5 ram. The error due to thermal radiation
from the sample reflected by the walls is minimized by having the walls black (emittance
greater than 0.9) and by maximizing the area ratio of wall to sample, A quantitative
evaluation of each of these errors is presented.

Measurements of emittance have been made

for many years, but with the advent of artificial
satellites these measurements have received new

impetus and direction. In many cases the
emittance as a function of angle and wavelength

is not required, but only the total hemispherical

emittance. Furthermore, the emittance is de-

sired at temperatures, and for special surfaces,

in which the total power radiated is quite small.

For these purposes, calorimetric techniques

have advantages compared to the usual meas-
urement of intensity of the emitted radiation.

For calorimetric measurements, the sample

is suspended in a vacuum, so that radiation

from the sample is the predominant mode of

heat transfer. The amount of power radiated

is then determined by either measuring the rate

of change of temperature (transient method),

or by equating it to electrical power generated

in the sample (steady state). Both the tran-

sient method (ref. 1-3) and the steady state

(ref. 3-7) have been used and described pre-

viously. The apparatus and method described

in this paper differs primarily in the following:

a flat, thin sample is used to reduce the sample
time constant; the number and wire diameter

of the sample supports are minimized, as this
has been shown to be an important source of

error; a method is used to extrapolate to the

equilibrium temperature, which is useful in

speeding up the measurements and increasing

the accuracy; and a quantitative evaluation of
the errors has been made, which has proved

useful in the improvement of the measurements.

APPARATUS

The main apparatus consists of a sample

inside a copper cylinder, mounted in a vacuum

chamber. The cylinder, with the inside painted

black, was 18 in. long and 14 in. in diameter.
A 2.5-in.-diameter hole at one end for use with

arc light illumination was completely closed
when not in use. Outside of the copper cylinder

was sohlered h/-in, copper tubing, through which

either liquid nitrogen or water was circulated.

The cylinder was mounted inside a standard

147
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17-in.-diameter glass bell jar, evacuated by an

oil diffusion pump to a pressure below 10 -5 torr.

The sample was covered externally with
the surface to be measured and contained an

internal electrical heater. The sample, usually

2 x 2 in., was made as thin as possible to reduce

the thermal gradients in the sample and to
decrease ttie time constant; by reducing the

ratio of the thermal mass (me) to tile total

surface area (A), the sample time constant

(mc/4_A_T 3) is decreased, _md therefore the
total measurement time is reduced.

The heater is made of thin Nichrome wire

(0.002 in.) wound on a thin (0.010 in.) square

sheet of glass epoxy board. Two opposite sides
of the board are notched to hold the wire in

position. The heater is eventually sandwiched

between two square thin aluminum sheets

(0.015 in.), each of which is slightly larger in
area than the heater. A copper-constantan

thernlocouple junction is welded to one of tile

alunfinum sheets, or otherwise placed in good

thermal contact. The fine thernlocouple wire
extends about 4 in. beyond the edge of the

aluminum sheet. The conduction of the sup-

ports is minimized by using only the two

thermoeouple leads and two power leads for

support, and minimizing tile wire diameter.
The internal surfaces of the aluminum sheets

are covered with a thin, insulating epoxy resin

layer to prevent short-circuiting the beater
wires. The sheets are then cemented to the

heater with additional epoxy cement. The
material whose emittance is to be measured is

now applied to the sample surface. A paint.

can be applied directly to the aluminum sur-

faces; a flexible sheet., such as mylar, can be
cemented to it,.

MATHEMATICAL BACKGROUND

The rate of change of thermal energy with

Lime, t, in the sample is equal to the power

absorbed from the interred electrical heater, P,
plus the power from the incident thermal radi-

ation, Q, minus the thermal power radiated

from the sample. The heat balance equation
is therefore:

where the sample has a mass m, specific heat c,

temperature T, surface area ;t, and therlnal

emittance ¢ (_ is the Stefan-Boltzmann con-

stant).

In the steady state case, with the electrical

heater turned off, the sample will reach the

cylinder temperature T¢ given by

Q=_A,,T2. (2)

With the electrical heater turned on, another

equilibrimn temperature T_ is reached given by

P+ Q=_A_TE 4. (3)

The desired emittance is then determined by
eliminating Q from equations (2) and (3) and

solving for e:

P

_= A(aT 4_aT_) (4)

The transient analysis can be useful in two

respects: to determine the equilibrium temper-

atures more accurately, and to determine the

ratio _A/'mc. If A/mc is known, the latter
serves as an independent determination of the
emittance,

For temperature measurements over a wide

range it is useful to plot the temperature
derivative dT/dt as a function of aT 4. The

equilibrium temperature is then determined

from the abscissa intercept, and eA/mc is de-

termined from the slope of the straight line.

For temperatures close to the equilibrium

temperature, the exponential approximation is
useful

T= T_ + ( T,-- TE)e- "" (5)

where r, the sample time constant is given by

me

-- 4_AaTE 3. (6)

If three temperature readings :/1, I'2, and T3

are taken, evenly spaced in time, with a time
interwd h, the equilibrium temperature can be

directly rah'ulated from

(/'2-- T,)(T3--/'2) (7)
T_,= 7'24 (T2--T,)--(T3--T_)

The time constant can also be determined from

these three temperatures as:

h
T_

b_ T2-- T_ (8)
T_-- T_
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Once the time constant is known, the ratio

eA/mc can be determined by using equation (6).

SOURCES OF ERROR

The emittance measurement depends on tile

net heat radiated from the sample to the walls.
Some of the major sources of error are caused

by heat transfer by other methods. The quan-
tities of heat transferred must be compared to

that transferred by the sample, which is:

P=_A(_Ts4--aTc4)=247 mw (9)

for a particular sample of low emittance.

The definition of symbols, and the numbers

for this example are given in table 16-I.

TAnI, E 16-I.--Quantities in a Sample
_Ieasurement

Symbol

,4

A.

/| c

D

P

T_
T_

g! a

_e

_w

k

ff

Definition Magnitude

Total sample surface

area.

Extraneous surface

area.

Cylinder area__

Supporting wire di-

ameter.

Internal electrical
power.

Cylinder temperature_
Sample equilibrium

temperature.

Sample emittance__ i

Extraneous area I

emittance.
Internal cylinder

emittance.
Supporting wire

emittance.
Thermal conductiv-

ity (copper).
Stefan Boltzmann

constant.

9.75 in._

0.3 in. 2

1100 in._

0.005 in.

247 mw

298 ° K

343.5 ° K

0.11

1

0.9

0.2

10 w/in. -° K

3.657 X 10 -n

w/in.2-°K _

Extraneous Area

Possibly the entire sample is not covered
with the surface whose ernittance is to be meas-

ured. This is especially serious if the emittance

to be measured is small, and a few small areas

exist with emittances close to unity. In the

particular example, this heat is:

e_,:I,(aTE4-aT_4)=66 mw (10)

and was therefore a major source of error.

Conductivity of Wires

Thermal conduction losses through the sup-

ports are minimized by suspending the sarnple
from long thin wires. Assuming the wires are

infinitely long, of isothermal cross section, and

do not radiate back to the sample, the heat

flow q from each copper wire is

=2.3 row. (11)

The constantan wire dissipates less heat, due

to its lower conductivity, in this case only 0.6

row. There are three copper wires' and one

constantan, for a total of 7.5-row dissipation,

which produces a maximum error of 3% in
the measured ernittance. Due to the uncer-

tainty in the ernittance of the wire, it is diffi-
cult to rnake an accurate correction, and

therefore the error should be minimized by

using small diameter wires.

Extraneous Radiation

If the cylinder walls are not perfectly black,
some of the thermal radiation from the sam-

ple will be reflected by the walls back to the

sample. This will cause the measured emit-
tance t_, to be less than the sample ernittance

¢. An estimate of this error can be obtained

from Cristiansen's equation

1=1+(1_1" ) A
eM _ "._ / _" (12)

This error can be decreased by increasing either

the cylinder emittance or the cylinder area.

In the present case, the error is of the order

of 0.01% and therefore negligible.

Conductivity of Gas

The vacuum required to eliminate conduc-

tion through the gas can be estimated by cal-

culating the number of molecules v that impinge

on the sample per unit time and per unit area.

Assuming the average energy transfer cannot

be greater than 3/2k(T_:-T_), the fractional
error E incurred in e is then

E<3 K(TE--T_),/e(ffTr4--T_4)<3 Kv/_aT_ s (13)

where K is the Boltzmann constant. By the
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kinetic theory of gases (ref. 8), this can be
transformed to

E_" pc (14)

where p is the gas pressure and c the average

molecular speed. For a temperature of T=300 °

K, this simplifies for air to

E< 70pt°rr (15)
E

where p is measured in torr (ram of Hg). An

experimental deterndnation of the equilibrium

temperature for various pressures is in agree-
ment with equation (15).

Temperature Measurement

This error includes not only the actual accu-

racy in the measurement of the temperature
'tt one point, which is usually quite good, hut

the effect of temperature gradients in the sam-

ple, the determination of the average cylinder

Measurement of Thermal Radiation Properties of Solids

temperature, and the constancy with time of
the latter, in the present example the esti-

mated accuracy in the temperature is of the

order of one degree; since the temperature differ-

ence is 45 °, this produces only a 2 or 3% error

in the e,))ittlmce. Should the need arise, a

temperature ac('uracy of 0.1 ° is probably readily
attainable.

CONCLUSIONS

Calorimet.rie measurements have been used

as a praeticM _neans of obtaining the total

hemispherical eJnittance of a sample. The pres-

ent measurements have an accuracy of 10%

for some saldples, but the errors increase for

measurements of low emittance. The accuracy

couht probably be substantially increased by
reducing cr_rtain sources of error. From tho

analysis a,) _ccurae) _ of 5 to 10% is possible,

even for _m emittance of 0.05, which would be

useful inf(umation for spacecraft construction.
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DISCUSSION

W. B. FUSSEL[,, Goddard Space Flight Center:

Gordon and London describe a system which is very

similar to the Goddard system. The major differences

bctwecn thc Goddard technique and the (1 & L tech-

nique are :

(1) The Goddard technique is designed to yield ac-

curate emittance values for coatings having very low

emittances such as vacuum deposited gold and alu-

minmn. Tile following considerations apply to the

measurement of low enlittance coatings:

(a) Since tintc constants arc long, and a long time

is required for equilibrium to be achieved, transient

techniques allow emittance data to be obtained

more rapidly,

(b) Since radiative heat transfer is small, conduc-

tive heat losses must be ntinimized for accurate data.

This implies eliminating electric power leads by rely-

ing on radiant energy to heat up the test sample,

coating the thermocouple lcads with the coating

being measured for a short distance beyond the test

saml)le, and maintaining a vacuum of better than

l(/-6 nun of fig (the fractional error in emittanec for an

elnittance value in the 0.02 range at a pressure of

l0 s rnm of Hg is 0.035 at 300 ° K).

(2) Most low emittance coatings are metallic and,

hence, have an emittance which varies apt)roximately

proportionally with the absolute temperature. For a

data reduction method which dctermines the emittancc

from the slope of the curve giving tbe rate of change of

saml)le temllcrature as a function of the fourth power

of the absolute temperature of the sample, the varia-

tion of entittance with temperature requires th'tt the

measured value of the slope be multiplied by a correc-
tion factor of 0.8.

(3) Thermal ernittance values, computed from

thermal data, are correlated with thermal emittance

values computed from optical data (total reflectance

spectra) by emI)loying tables derived from Frcsnel's

formulae for the variation of reflectance with angle of

incidence. The G & L method, as described in the

body of their paper, is applicable only for the emittance

measurement and has no provision for the measure-

ment of the tr/+ ratio.

To sum up, I believe that tile (;oddard technique

gives more accurate thermal emittance vables for low

emittance Inaterials, particularly metals. Ill addition,

the Goddard procedure for correlating optical and

thermal emittance data is probal>ly unusual in some

respects.

R. E. GnUMnR, l,ockheed Missiles and Space Com-

pany: The absorptance and emittance of the black

cylinder wall, as a function or temperature, either are

not known or have not been stated. The amount of

energy emitted I)y the wall, in the example given in the

pallet, is ahnost certainly "tn appreciable t/ortion of the

total energy exchanged and consequently may not be

neglected.

Although it is true that pur(_ theory wouh] lead one

to believe that 10 _ mm fig is an adequate vacuum to

insure that the l)redominal_t mode of heat transfer is

radiation, our experience indicates that the requisite

vacuum is pronouncedly dependent on the tempera-

ture of the sample and container and also upon the

relative dimensions of the sample and container.

The thermal mass of the heater and SUl)porting film

is apparently not known and, due to the sample

geometry employed, may well be an appreciable por-

tion of tile total thernml mass.

The probable presence of pronounced thermal

gradients within and throughout the samtlle configura-

tion due to the use of various glues and adhesives is, in

my ot)inion, likely to distort the temperature distribu-

tion to such an extent that tile te,nper'._ture nleasure-

merit at one point by the t hermoeouf)le emt)loyed is, at

best, a crude al)l)roxinlation of the average sample

temperature. These gradients due to interfacial im-

I)edenccs are extremely serious iu any transient deter-

min'ttion, since interfacial impedence may well be the

limiting factor of the ttow of thermal energy from the

heater to the cylinder wall.

Equation (9) appears to be in error since this is an

energy 1)alance upon the satnple, and the energy re-

ceived by the sample from the wall is

and not

()ur experience has been that an absolute accuracy

of 1 ° K in temperature dcternlinations is extremely

difficult when one considers the l)rot)lems of thernn)-

COUl)lc attachment, calibration, stan(tardization, and

time variation. An accuracy of 1 ° K is certainly not

readily attainable by conventional techniques. The

difficulty here is that tile small-diameter thermo-

couples, which indeed arc necessary to minitnize

extraneous heat losses, must be individually and

carefully calibrated.

It is quite disapt)ointing that no data are presented

in the paper by which stone comparison to the error

analysis given may be made.

._lthough it is stated that the apparatus was de-

signed and is used to measure a/_ ratio, the paper

contains no discussion of the methods of determination

of this ratio. As is pointed out in my paper on this

topic, the primary power and usefulness of this tech-

nique, as opposed to the several other calorimetric

techniques, lies in the very deterodnation of the a/,

ratio. Indeed it is in this area that most of the prac-

tical problems lie. Many other devices are capable of

adequate dcterminations of emittance by calorimetric

techniques.

l)espite this criticism, which I hope will be received

in the constructive spirit in which it is intended, it

seems quite clear that the further development of

apparatus such as this wilt I)e very useful for practical

determinations nf the important thermal radiation

parameters associtited with the thernml radiative

control of spacecraft.

692-146 O--63--11





17--HEATED CAVITY REFLECTOMETER

MODIFICATIONS

BY R. J. HEMBACH, L. HEMMERDINGER, AND A. J. KATZ

GRUMMAN AIRCRAFT ENGINEERING CORPORATION, BETHPAGE, N.Y.

The heated cavity reflectometer is the most practical device available for thermal
reflectance measurements of opaque surfaces. Its application, however, is based upon
the reciprocity of incident and reflected radiation. As a result, it is extremely sensitive
to any deviations from a true black-body cavity. The greatest errors come from non-uni-
form temperature, and non-homogeneous field of view. This report describes the modi-
fications to an upright hohlraum refleetometer to correct the errors inherent in its original
design. Data taken on the redesigned device are compared with those of the original
design, demonstrating tile improvements accomplished. The work was performed on a
Perkin-Elmer model 205 infrared reflectivity attachment which wa_s used in conjunction
with a model 13 infrared ratio recording spectrophotometer of the same make.

Soon after the reflectometer/spectrophotOm-

eter equipment went into operation in our

laboratory (figure 17-1), it became obvious

that the data being generated were of little or
no value for our needs. We decided to under-

take a reasonably extensive evaluation and
modification program. Our goal was to deter-

mine the ultimate applicability of the upright
heated cavity concept to our requirements in

aerospace heat transfer engineering. Keeping

in mind the pressing needs for this type of
data, we tried, wherever possible, to revise

the existing equipment rather than to redesign

parts completely which would require long
downtime periods.

During the course of this program, the

technical staff of the Perkin-Elmer Corporation

was consulted on matters pertaining to the

optics of the problem. We gratefully acknowl-

edge their valuable contribution to our effort.

At the present time, we are in the process of

evaluating the overall effects of our modifica-
tions on various categories of surfaces. The

results will be published as soon as available.

DESCRIPTION OF ORIGINAL CAVITY

The cavity which was modified is a ,5]_6

inches high nickel cylinder, with inside diam-
eter of 4)_ inches. It has a fiat nickel base

plate and a 165 ° conical nickel crown. The

wall thickness of the cavity is h/ inch. The
cavity is supported by three Inconel legs, 3A

inch in diameter and 6_4/ inches long, which

are welded to the base. The legs are bolted to

the bottom casing of the furnace jacket. A 2-

inch diameter viewing port is bored on center in

the cavity base. The internal cavity wall is

grit blasted and blackened by operating the
cavity 2 to 3 days at 1500 ° F to form a nickel

oxide coating. An Inconel tube 7 inches long is
welded in the crown of the cavity. The tube
is inclined 7 ° 30' off" the vertical center line of

the cavity. The center line of the tube inter-

sects the internal surface of the crown perpen-

dicularly 1_ inches from the caviLy center line.
The function of the tube is to introduce and

locate the specimen to be tested in the cavity.

The specimen is carried in a water-cooled sample
holder.

The power source for heating the cavity is

a cylindrical hump furnace heater element
7}_-inch diameter by 10 inches high. The

heater is a potted Nichrome resistor-Alundum
cement unit rated at 2.5 kw. When installed

in the furnace jacket on a 4-inch thick preformed
diatomaceous earth block, the heater overlaps

the base and crown of the cavity by approxi-

mately 2 inches. The remainder of the furnace

assembly consists of a top insulating brick

4 inches thick, powdered diatomaceous earth

insulation, and three thermocouplc probes

for cavity-temperature regulation.
The reflect ometer is operated in conjunction

with a double-beam ratio-recording spectro-
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I

Fmvnn 17-l.--Original reflectometor/speetrophotomvter installation.

photometer (Perkin-Ehuer nlodel 13). It is

mounted immediately above double-bean_ trans-

fer optics (the cavity and transfer optics to-

gether with the power supply and controls
constitute Perkin-Ehner's model 205 infrared

reflectivity attachment). The cavity tempera-
ture is maintained at a nominal 1470 ° F. The

transfer optics "see" a 6 ° diverging bundle of

radiant and reflected energy through the

viewing port, inclined at an angle of 9°21 '

from the vertical centerline of the cavity. The

crossover point for the two beams is approxi-

mately 2sg inches below the viewing port.

Tile 100°"/o line on the ratio recording is obtained

with the beams viewing two areas on the crown
of the cavity lS0 ° apart. The sample to

reference (I/Io) trace on the same recording is

obtained by rotating the entire cavity assembly

90 ° to place one beam on tim sample and the
other beam on the crown.

The standard sample ]_ol(ter furnished with

the equipment consists of an inner concentric

tube sl)e('im(m ('ooling assembly and an integral

outer jacket whi('h is also water cooled. The

satnph, is maintained at a temperature of

101)° F 1)v _he cooling water. The complete

salnl)lo holder assembly is fabricated of stain-

less sl(_el. The outer cooling jacket makes
direct metal-to-metal contact with the Inconel

tube wiwa the sample holder is in position in the

cavity.

The sample bolder is equipped with two

interehangeM)le nose pieces. The 17 ° a,ngle

head holds the specimen at an angle of 18051 '

to the sample beam to produce a diffuse-plus-

specular cellectance reading. The fiat head

hohts the specimen at an angle of 1°51 ' to the

sample imam for measuring the diffuse compo-

nenl oldv. The angle of incidence of the

refererwe I.,.m with the crown of the cavity

remai.s eo.s(anl at 1°51 ', independent of the

sample holder head or the rotational position

of the cavity.
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The crown angle of incidence being only 1°51 ',

any specular component from the reference sur-
face is distorted because the referen<.e surface re-

flects an image of the 2=inch viewing port and
the relatively cold area around it. This situa-

tion has led to values of reflectance greater than

unity. To correct this condition, the manufac=

turer recently produced a new cavity. The old

conical crown has been replaced t>y a flat plate
installed normal to the sample hohler tube (at.

an angle of 7°30 ' to the plane of the base).

The internal surface of this new top plate is

milled with 1/16-inch-deep grooves to form a

diamond pattern over the entire crown. The

reference beam incident angles for this crown

are now 16°51 ' for the I/Io run and 9°21 ' for the

100% line run. We have not purchased one of

these new cavities. Instead, special platinum
reference surfaces have been installed in our

original cavity. These are discusse<l below.

DESCRIPTION OF CAVITY MODIFICATIONS

The modification program was planned to

make all changes as simple as possible, avoiding
complete redesign of the equipment wherever

feasible. The double-beam ratio-recording op-
eration of the original equipment was main-

tained, as was the mecharfical rotation of the

entire cavity assembly 90 ° for running the I/Io
and the 100% traces. The (louble beam fea-

ture has the advantage of short <lata acquisition

time. When the cavity and sample are at

thermal equilibrium, the time required to record

the spectral reflectance of the specimen in the

1.5-_ to 15-_ region is approximately 45 rain.

This time element is particularly desirable in

the laboratory when sorting materials, studying

the deterioration of a specimen surface after

repeated exposure to detrimental conditions,

or when it is necessary to predict rapidly how a

surface's emittance will vary with temperature.

Although this report does not consi(ler the ex-

perimental error possibilities in the spectro-

photometer equipment itself, we must point out
the distinct adwmtage of tim constant-lo (refer-

ence signal) condition maintained at. the thermo-

couple detector in ratio reeor(ling. A constant
Io restricts operation to a small portion of the

thermoeouple's response curve, thus minimizing
nonlinearity problems in the detector system.

Within this framework, four major problem
areas were selected for special attention:

1. temperature gradients in tile cavity
2. oversized viewing port

3. unreliable sample holder design

4. fixed crown angle in the cavity.

To begin our study tile internal temperatures

in the cavity were mapped prior to modifica-

tion. I)ouble (:hromel-Alumel thermocouples

were installed in 23 areas on the eavit,y. The

double thermocouple installation (fig. 17 2) was

r

2(EMF 1 - EMF2)

__l I

.... - ik._--

c At:

AT

Fi(;um,: 17-2. Thcrmocouple installation method.

selected to obtain extreme (0.2%) accuracy in

AT measurement. The resulting EMFs of the

bucking double thermocouple installation were

measured with a 1(-3 I:eeds & Northrup poten-

tiometer. The measured gradients were severe ;

the maxinmm gradients, observed with the sam-

pie holder in place, exceeded 100 ° F at a cavity

temperature of 1470 ° F.

The initial tests required the development of

instrumentation techniques and equipment be-

yond those in the original device. We found
that the best method for fastening the thermo-

couples to the cavity was to embed the junctions
in small drilled holes (0.090-inch dia. and 0.187-

inch deep) in the cavity wall and pot them in

place with a high-temperature ceramic cement.
Small Nichrome ribbon straps spotwelded to

the outer cavity proved to be the most suitable
method of securing the thermocouple leads. An

embrittlement problem with the Alumel leads

made it necessary to resort 1o stainless steel
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sheathed thermocouple wire despite the connec-

tor problems which this type of wire present.
The embrittlement was noticed during the

tear down of the cavity following a sample

holder gasket failure. A series of laboratory
tests was conducted in a inuMe furnace at tem-

peratures ranging from 1200 ° to 1700 ° F. The

purpose of the tests was to reproduce the
Alumel enlbrittlement condition. The embrit-

tlement was not achieved with the muffle fur-

nace tests. The decision to change to shielded
wire was based on the recommendations of tile

thermocouple manufacturer who had experi-
enced the Alumel embrittlement when the ther-

mocouple wire was exposed to a high-tempera-

ture, high-humidity environment.

Although the double thermocouple method

for measuring AT produced the required accu-

racy, the initial installation was time consuming
to use and limited the experimenter to A Tread-

ings between fixed areas in the cavity. A

thermocouple selector switching circuit was

developed to support the mo(lification program.
The switching circuit consisted of two 24-posi-

tion and one 10-position thermocouple switches

and three 2-position selector switches. The cir-
cuit enables the operator to select AT readings

between some predetermined area in the cavity

and any one of 24 other areas in the cavity. In

addition, the circuit allowed the user to switch
from the AT mode and read the actual tem-

perature at each thermocouple junction.
Three modifications were adopted to correct

the temperature gradient condition: auxiliary

trimmer heaters were designed and installed,

a low-heat-sink sample holder was substituted

for the original, and heat shiehling was instaUed
in critical areas. Four electrical trimmer heat-

ers were added to support the main 2.5-kw

cylindrical heater around the cavity. These

consisted of a sample holder tube heater, 500

watts at 5 amp; a crown heater, 1.2 kw at l0

amp; a base and viewing port heater, 1.2 kw

at, l0 amp; and leg heaters, 150 watts at 5
amp. A separate four-channel power supply

was designed and constructed for the auxiliary

heaters. Each heater output was controlled

by its respective voltage regulator. The cir-

cuit was designed so that the power consume(I

by each heater could be checked at will with
a single wattmeter through a switching system.

Measurement of Thermal Radiation Properties of Solids

All auxiliary heaters were relay operated in

phase with the main heater relay of the original

temperature control console.
Fabrication of auxiliary heaters with a long

life expectancy proved to be a problem. The

main factors governing the design of durable
heaters arc:

1. careful watt density and coil diameter-to-

spaeirtg ratio (interference factor) for
the particular resistor element material
selected

2. comt)atability of resistor wire material

and the supporting ceramic

3. proper lead-in wire to resistor element
cross sectional area ratio and mechanical

bond.

For this modification, coiled Nichrome wire
was elill,,dded in Alundum furnace cement,

and fired _lt 1900 ° F. A braided Nichrome

lead, carbon arc welded to the resistor to give
an area r_io in excess of 7 to 1, was used.

The first heaters fabricated were laced to an

air-(lryin_ ceranfc support. This technique

proved tq) t)e completely unreliable. Failures
occurred at the crown lead in wire-resistor

element (,onneetion and between two adjacent

coils in the viewing port heater section. The
eonstruction technique used does not provide

me_tns for rigidly supporting the lead in wire-
resistor" eleinent connection. Coil-to-coil spac-

ing of the resistor element is also not con-
trolled in this method. A green-yellow

discoloratiotT of the air-drying ceramic indicated
that a chenlical reaction between the ceramic

and the Nichrome element had taken place,

although heater failures directly attributable
to this reaction were not observed. Inter-

nlediate heaters consisting of shielded Nichrome

wire fastened to a glass rock bed exhibited an

improved life characteristic and were used in a

temporary installation.
The sample holder furnished with the equip-

ment had to be abandoned entirely. When

the wat(_r-cooled sample holder was in place

and at _,qtlili|)rium conditions, the new auxiliary
crown heater could not hold the temperature

gradient in the crown area to below 13 ° F even

with a i_(,al_ cavity temperature of only 872 ° F
One loc_l area at the intersection of the sample

holder tlll)e and crown remained at 33 ° F below

the 872 ° F mean cavity temperature.
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A new sample holder was designed to elimi-

nate tile large heat sink capacity of the original

one. The outer water-cooled jacket which

made direct thermal contact with the sample

holder tube in the cavity crown was discarded.

An insulated triple concentric tube body assem-

bly was fabricated to replace it and to serve as

a housing for the water-cooled nose assemblies

which were _lso redesigned. Figure 17-3 shows

Clamping Collar

*.11115

.150 ..... ! ..... //_ Push Fit Cap

7. 000 i

I

I*--1.500 OD Tubing

_--l.250ODTubi_g

_.6251DTubing

____.____

Fzova_ 17-3.--Concentric tube sample holder body.

the construction of the body assembly. The

tubes which make up the body assembly were
_{, 1¼ and 1Y_ inches in outside diameter.

These and the remaining detail parts in the
sample holder area were fabricated from 300
series stainless steel. Tile volume between the

tubes was packed with Celite. The top finned

collar clamp was designed to be positioned and
locked to control the depth of insertion of the

sample into the cavity.

The center concentric delivery and return

tube of the original design was replaced by a two

tube nose assembly as shown in figures 17-4 _md

17-5. Four interchangeable nose assemblies

were made to maintain the diffuse plus specular

and plain diffuse feature of the original equip-
ment and also to provide a no risk (closed

chamber) version for each case. The closed
chamber version of the nose assemblies elimi-

nates all gasket requirements. The end of the

nose assembly is permanently sealed with a

}_-inch thick copper plat_ which is silver brazed

in position. The copper plate and the body

of the nose assembly are grooved, to route a

thermocouple to the rear surface of the speci-

men. The specimen is set on the copper nose

plate with a .colloidal silver lubricant and is

heldin place by the retaining sleeve and retainer
nut. The Ne-inch tube section of the nose

assemblies was wrapped with high-temperature

insulating blanket material (Cerefelt) prior to

installation in the body assembly.

In the original sample holder, when a speci-

men was being installed in the angle head, it

was necessary to rotate at least one metal sur-

face against the gasket face to establish a

water-tight seal. This design arrangement

increased the probability of water leakage.

One water leakage incident in GAEC's labora-

tory destroyed the mirrored surfaces of the

transfer optics immediately below the cavity,

damaged the surface of the specimen which was

being tested, and opened up the base heater
circuit. The fiat-head adaptor of the original

equipment does not present the same gasket
problem but introduces a new problem. The

sliding surfaces in this case are the sample and
the retainer nut's shoulder. When working

with soft material such as aluminized Mylar,

the retainer nut twists and wrinkles the

specimen.
The nose assembly of the new sample

holder was redesigned to overcome the two

difficulties discussed. In this design, the gas-

ket and sample are compressed into a sealed

position without a shearing motion. This was

accomplished by inverting the specimen re-

tainer nut and adding a new specimen retaining

sleeve as shown in figure 17-5. Another

unique feature is the manifold connection

which permits rapid interchangeability of nose

assemblies. The staggered tube lengths pre-

vent the improper installation of the mani-

fold, avoiding the possibility of utilizing the
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Silver Solder

Ty p

For Thermocoupl r_

Routing

Section AA

FIGURE 17 4.--Closed chamber angle head.

+ 005
Disk .046

- 000

(Typ)

water supply tube as the drain line. Details of
the lnainfold connection appear in figure 17 5.

The new nose assemhlies were machined at

two angles to the plane perpendicular to the

sample holder center line. One nose assembly,
machined at 1°51 ', presents the sample to the

optics of the equipment at normal incidence.

The other nose assembly, machined at 17 ° ,

maintains the 18051 ' incident angle of the

original equipment.

To complete the temperature gradient modi-
fications, radiation shielding was installed

around the sample holder tube heater, the

crown, and the viewing port. All shields were

3/16 0 D s/s Tubing--_

fabricated of 321 stainless steel. Although

they have I)erformed satisfactorily, some un-

evenness in the oxidation coating of the stain-

less steel was noted. As a result, any hardware

to be installed in the cavity in the future will
he fabricated of Ineonel X. One shield en-

velops 1he ,rater surface of the sample hohler

tube heater, sliding over the heater and resting
on the ,'town shieht. The crown shield covers

the er,lirv opening of the main furnace heater

enclosing" the complete upper surface of the

auxilia O, crown heater assembly. This shield

plus eelite insulation replaces the top formed

brick in the original furnace. The viewing port,

Silver SoMer

Typ - 4 Places _ ,\\\\\\\\\\\y

Manifold Connection Complete Nose Assembly

FmvRE 17-5.--Sample holder anlah, nos(, assembly.
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shield is conical (included angle, 18°42 ') and

is positioned in the eent.er of the new viewing
port insert.. The curtain portion of the viewing

port insert is sandwiched between the viewing

port heater and the conical shield.

The specular reflectance fin was designed to

remove the hohlraum fixed crown angle restric-

tion. The fin mounts were so designed that

the original double-beam mode would be

retained and the makeup of the reference beam

could be varied from full diffuse to diffuse plus

specular radiation at 18°42 ' from the disk's

normal. This was accomplished by mounting

three 1_ inch diameter platbmm disks 0.005
inch thick fi'om the crown of the cavity. The

disks were spot welded to a 321 stainless steel

open support ring. The support ring is attached

to a _,-inch diameter shaft approximately 1.00

inch long at an angle of 9°2l ' to the shaft's
centerline. The crown of the cavity was drilled

and reamed to accept the shafts. A collar

piece, which sets the center of the fin approxi-

mately 0.400 inch below the crown of the cavity

was fastened to the shaft section that protrudes

from the outer cavity wall, and nested in a

spotface recess in the outer cavity wall. The
center of each shaft was drilled to accept a _/_8-
inch o.d. 4-hole ceramic insulator. The insula-

tors serve to route the leads from the double

thermocouple installation on the rear surface of

the platinum disks (see figs. 17-6 and 17-7). The
centers of the disks are located radially 1}_-inch

from the cavity center line and in positions 90 °,

180 ° and 270 ° from the sample holder assembly.
The metal to metal contact area between the

shaft and collar and the cavity was coated with

a high-temperature silver lubricant.

The added flexibility of the rotating platinum

FIGURE 17 6.--Specular reflectance fin--front face.

FIGURE 17-7. Specular reflectance fin--back face.

disks allowed the operator to select a normal

incidence angle" for the reference beam when

working with the flathead or diffuse sample

hohler or any angle of incidence up to 18a42 '
for the reference beam when making specular

plus diffuse reflect_mce studies. Rotation of

the sample hohtcr and one reference disk (90 °
from the sample) makes it possible for the sam-

ple and disc to view the same point in the

cavity although the shape factors are not
identical.

The theory describing the operation of the

specular fin assumes that the hohlraum cavity

is an ideal blackbody and that the platinum

disk's temperature is identical to the cavity's

temperature.

The signal leaving the surface is

Q=opI+_G

where 0r and _r are the reflectance and emittance
of the platinum, respectively, I is the incident

signal from the cavity walls, and G is the
emission of a blackbody at the temperature of

the platinum. If the cavity is a blackbody,
and the platinum is at cavity temperature,

I=G

pp@ep:l

If the platinum is not at cavity temperature,

since ee< < I,the errorisrelativelysmall.

Holding the disk at cavity temperature was

difficult with the suspended disk system em-

ployed. During early tests, the disks were
suspended from the cavity crown with fixed

deramic rods. The original sample holder w_ts

being used at that time. Under these condi-

tions, heavy radiation from the rear of the fins
to the cool neck of the sample holder reduced
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the three fin temperatures to 33 ° below the

cavity's side wall temperature of 872 ° F. A

direct conduction path was established from

the crown to the disks, and a radiation shield

was added to the new sample holder configu-
ration to maintain high disk temperatures.

/

1

Six-60 ° Included

Angle "V" Groove

Rings

I'

I

1.375
i

2.000

FI(_I'RE 17-8.--Hohlraum guard ring.

The reduction in viewing port diameter was

fixed by the geometrical relationship of the

cavity and its optics. To determine the mini-

mum possible viewing port diameter, a lamp
source w_s focused on the exit slit of the mono-

chromator as is customary in spectrophotometer
alignment. A full-scale layout of the modified

cavity (cross-sectional plane through sample

holder and one platinum disk) was erected

above the transfer optics. Using the green

line (5460 _) Littrow mirror setting, the slit

image was focused on the sample and platinum

disk's mean plane, 1_ inches from the cavity

center line on the full-scale layout. Mapping
the cross-sectional area of the two beams in the

viewing port plane of the cavity indicated that

the 2.000-inch viewing port diameter could be

reduced to 1.375 inch. A flanged stainless

steel viewing port adapter was machined with

an integral cylindrical shaped curtain which

loosely fitted the bore of the base and viewing

port heater unit. The curtain extension was
recessed to accept the conical heat shield (fig.

17-8). The surface of the adapter facing into

the cavity was machined with a series of 0.050-

inch deep concentric "V" grooves.

If the cavity interior were completely iso-

thermal, any specularity in the surface would

be uninq)ortant. In reality, however, we must

accept some temperature nonumiformity. The

effects of temperature gradients are minindzed

if the interior of the cavity is a diffuse reflector.
Since it would have been difficult to machine

grooves into the cavity walls without cutting

it open, we decided initially to sandblast the

inside surfaces with a course grit. After hold-

ing the cavity at 1750 ° F for 24 hours to oxidize

it, we noticed that some of the grit had become

embedded in the cavity wall and now appeared

as white spots on the oxidized surface.

A secoI_d attempt was made to roughen the

cavity walls. This time we mixed nickel filings

with Dutch Boy high-temperature black paint

(46H47) and applied it to the surfaces. The

filings }tad been "roasted" and thoroughly
cleaned previously. Figure 17-9 pictures the

"sand p_dnt finish" which this process produces.

The nickel chip paint was applied by brush,
cured _,t 500 ° F for 1 hour, and fired at 1400 ° F.

The best subsurface for paint adhesion was

rough nickel oxide thoroughly cleaned (alcohol
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FIGURE 17-9.--Samples of cavity interior finishes.

and degreasing process). Application of the

paint to bright nickel, whether rolled, polished,

or grit blasted, resulted in peeling after the

1400 ° F firing process. Applying the paint to
the internal walls of the cavity with an airbrush

produced the same negative results, despite the

rough oxide surface preparation. The reason

seemed to be paint runs and an overly heavy
coating of the paint. This apparently resulted

in the paint failure in the first cavity test.

Subsequent applications of the high tempera-
ture black paint to the cavity's internal walls

by hand brushing produced the desired paint

adhesion property.

CONCLUSION

A series of modifications has been made to a

commercially-available upright heated-cavity

reflectometer. Figure 17-10 compares the de-
vice before and after modification. The purpose

of the changes was to increase the accuracy and

reliability of the device for spectral reflectance

measurements of opaque samples. The results

appear most encouraging although only pre-

liminary information on the performance of the
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FIGURE 17-10.--Temperature gradients at nominal

cavity temperature of 1200 ° F.

equipment is currently available. Figure 17-11
shows the temperature gra_lients after modifi-
cation.

This report describes in detail the modifica-

tions which were made. Appendix A shows

the computation of the space curves defining

the cross point of the traces of the specular

components of sample and reference surfaces.

We do not suggest that the view factors are

equal, only that both surfaces "look" at the
same point on the cavity wall. The computa-

tion of the improvement gained by the inclu-

sion of the viewing port adapter appears as

appendix B.

Final results of the improvements accom-

plished by these modifications will be published
when available.



162 Measurement of Thermal Radiation Properties of Solids
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FI6_!RF_ 17-11.---Comparison of original and mo(_ifi(,d installation.
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APPENDIX A--ANALYSIS OF THE SPACE CURVES DEFINING THE ORIGIN OF

THE SPECULAR COMPONENT ON THE CAVITY WALL

The analysis is based on a single center ray of the energy beam, and the incident-reflected

ray relationship is reversed for convenience.

REFERENCE DISK

For axes- choose z axis along disk shaft and zy phtne in plane of symmetry of cavity to form
righthand system. Origin is in plane of disk.

or, 3' constants determined by geometry
i

N normal to mirror

Y incident beam (in yz plane)
V' reflected beam

I

N sin a sin 4, sin a cos 4, cos
V 0, --sin 3', --cos y

¢ Rotation about disk or sample holder I_
/

In specular reflection: __ X 1_'=._ X I"

Z

I y

[ JL ]
i (--sin(_c°s4'c°s3"-t-c°s_sin3")7 F 7 (sinolcos6 V_'--cos_V/)

+) (sin a sin _ cos 3") = -_@ (cos a V'--sin a sin _ V;_)

+k (--sin a sin _ sin 3") +/" (sin a sin ¢ t'_'--sin a cos V V')

Equating components, we find

V/=cot. CV/-sin y

V, cot

_=sin¢ V/-cos _ (1)
to normalize,

Hence

V_' =2 sin a sin O (sin a cos 4) sin 3' (2)

-_ cos a cos 3")

The equations for the reflected ray are then:

x yz
-.-77---_ (3)V, Vj V,_

Substituting appropriate values of a and 3"
we obtain

J;

A sin4) cost-l- J_ sin _b

y z
--C cos 2_b+D cos _b+E--F cos ¢+G (4)

where A, B, (7, D, E, F, and G are determined

by the constants a and 3'. Equation (4) is

solved simultaneously with the equation for
the cylinder wall,

x'_+ (y--a)'_=r 2 (5)

where a is the radial distance from center of

cavity to center of disk and r=cavity internal
radius.

When this yields z>b, the reflected ray

strikes the base of the cylinder and equation (5)

must be replaced by

• z=b (6)

where b:distance from base to center of disk.

SAMPLE DISK

Using primed coordinates to represent the

system for the sample, the X', Y', Z' coordinates

are skewed with respect to the cylinder and may

be transformed to correspond to coordinates of
reference disk for convenience.

This involves a rotation about the X' axis

of 3 ° and a translation of Y' by a'+a where 3

is the angle between the sample holder axis and

axis of cavity. The untransformed equations

for the reflected ray are in the form of equation

(4) with appropriate constants.

The transformation equations are

Y'------(y--(a'+a)) cos _--z sin

Z'=z cos _3--(y--(a'-4-a)) sin 3
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The final form of the equation becomes_

x
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H_+ J: K_+ Lz

A" sin ¢' cos ¢'+B' sin ¢'--C' cos 2¢'+D' cos 4/+E--F' cos ¢'+G'

which is solved simultaneously with equation (5) to determine space curve.

(7)

APPENDIX B--ANALYSIS OF THE CHANGE IN THE SHAPE FACTOR OF THE

EMITTED BEAMS RESULTING FROM A CHANGE IN THE VIEWING PORT

DIAMETER

The geometry of the cavity is shown on tile drawing with

B=9°21 '

al= 12°30 '

5.13
I71--co s 12o30 ,=5.26

---0 sin cos o[1
171 , c_1,

N2=sin B sin ¢, sin # cos ¢, cos 3

cos a2--=_--_" N2=sin al sin B cos ¢+cos al cos
WI

X

/

Y---1
z

C

5.13

t

A1

jA 2

jcz 2

IN 2

The extremes in a2 exist for ¢= 0, and ¢= r.

cos a2L,.o=0.998

cos a_1¢=,=0.928

The view factor represents the fraction of radia-

tion from A, which impinges on A2.

F2t At COS _1 COS a_
,/IT 2

The original size of the viewing port, AI, was

r square inches. The size was reduced to 0.473

_r square inches.

When 0: 0.

0.5277r
2_F2_-- (0.976)(0.998)=0.0186

7rr 2

When O::_r

0.527_r
A_:23: : (0.976) (0.928) =0.0173

7rr 2

These represent reductions of approximately

50% by virtue of the reduction of viewing port
diameter of _; inch.
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APPENDIX C--NEW DATA ON INCREASED HOHLRAUM ACCURACY

Since the release of the main body of this

paper, data ]lave been generated which illus-
trate the increased hohlraum accuracy obtained
with the modifications described in the text.

Figure 17-12 compares the data generated with
the GAE('_ modified hohlraum cavity to the

original Dunkle and Gier data and U(_LA data

for simila'r plat inun, samples. The latter two

sets of data were replotted from the curves

presented in reference 1. Data from reference 1

were also use(t in the comparative presentations

in figures 17-13 and -14. The comparative

studies are for similar samples and not for

identical samples; therefore, a discussion of the
deviations in data observe([ in different labora-

tories is ditIicult. Nevertheless, by reviewing

figures 17-12 to -14, it is seen that agreement

in data is very good above 4t_. The 1.5- to 4-t_

area covers the sharp low-wavelength side and

peak energy area of the 1200 ° F blackbody

curve. This indicates that the slight deviations

below 4_ are most probably associated with the

temperature gradient condition in the cavity.

The modified cavity was designed such that the

sample and platinum disks are capable of

looking at the same area in the cavity. It is

possible that in the initial survey runs the
sample and platinum disk rotational settings

were not precise and that the sample and disk

were not looking exactly at the same zone in

the cavity.

Figures 17-15 and -16 are two curves from

the thermal radiation properties support pro-

gram for the Orbiting Astronomical Observa-

tory project at GAEC. The hard-coat sulfuric
acid anodized sample was typical of the Martin

hard-coat process. The hard-coat thickness

was 2 mils. The sample was boiled 75 rain in

nickel acetate following the sulfuric acid bath.

The substrate material was unclad 2014 T6
aluminum.

The substrate for the alodine sample of

figure 17-16 was reworked before the alodine

treatment was applied. The Alclad coating on

the 7075 T6 blank was removed by polishing

with rubbing compound. The resulting ex-
posed 7075 T6 surface (mirror finish) was

cleaned with MEK and then processed

through the prealodine cleaning process. The
time-concentration information for the alodine

process was one to three minutes immersion in

alodine 1200 chromate solution. The treated

sample was then rinsed in an acidulated bath
for 15 to 30 see and air dried.

Spectral reflectance measurements data for

high-emittance materials were not included in

this appendix addition to the paper. Since

data generated on materials of this type are

subject to sample emission erros, especially at

the longer wavelengths, information will not
be released until we are sure of the exact surface

temperature condition for e_ch sample.

Several methods of measuring sample surface

temperature of high _ materials are now under

investigation. When substantial progress is

made, a separate report will be prepared and

data for tfigh e samples will be published.

The total emittance values tabulated in each

figure were obtained from the data for the curve

and the IBM program discussed in the body of

this paper. Emittances are quoted to 3 sig-

nificant figures to help show the trend of total

emittance with sample temperature. The error

we have associated with the data presented is

froth 4-0.01 to 4-0.02 of the actual observed

values. A more precise error estimate will be

forthcoming following our error analysis study.
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18--MEASUREMENT OF SPECTRAL REFLECTANCE

USING AN INTEGRATING HEMISPHERE

BY J. E. JANSSEN AND R. H. TORBORG

HONEYWELL RESEARCH CENTER, HOPKINS, MINNESOTA

An integrating hemisphere reflectometer is described for mea_uriug the spectral, diffuse
reflectance of rnateritds over the range 0.25 to 30 microns in a high vacuum or atmosphere.
Sl>ecimerl temperature can be varie<l over the range from room temi)eratur_' to 1350 ° F
or higher. The calibration procedure is presented and the error caused I)y spherical "tber-
ration produced by the hemishpere is discussed. R(,fl(,ctanc(' m(,a._urem(mts on identical
speciHi[,Iis gtre (?orll|)ar('¢I with similar measureme_lts made i** two other laboratories by
different techrdques a_,d found to be in good -_greement.

The earliest use of a highly specular re-

flecting hemisphere to collect the scattered
energy reflected by a diffuse surface and

concentrate the energy on a sensor is attributed

to Paschen in 1899 (ref. 1). Coblentz de=

scribed a similar device in 1913 (ref. 2). More
recently Birkebak and Hartnett (ref. 3), and

Kozyrev and Vershinin (ref. 4) have published
data taken with a highly polished hen6spherical
reflectometer.

In these devices, a concave, highly polished,

glass hemisphere with a highly reflective

evaporated metal coating was used to approxi-

mate an ellipsoidal mirror. A specimen was lo-
cated a short distance to one side of the center

of the hemisphere and a thermopile was located

at a conjugate position. Radiant energy from
a suitable source was projected througll an

aperture in the henfisphere and onto the speci-

men. The reflected energy was collected by the

hemisphere and focused on the thermopile as

shown in figure 18-1.

A reference measurement was made by pro-

jecting the same energy directly onto the

thermopile. The reflectance of the specimen

was then equal to the ratio of the two measure-

meats divided by the reflectance of the henri-
sphere. In order to adapt this technique to

spectral measurements and heated specimens,

it was necessary to introduce a <liffuser at one

of the conjugate loci and use an external

optical system to focus the energy into a

spectrometer (ref. 5) as shown in tigure 18-1.

H H SPECTR0tETER

\ / SPI:CUL&R RE ,LirGTINO l

SPI[CIMEN THERMOPIL Ir Si_CIItl F"N DIFFU6ER

OR REFERENCE

(o) (b)

FI(;URF= 1,q-l.--Integrating hemisphere reflectometers.

The wide spectral range of interest and the low

energy levels required the use of a photo-

multiplier sensor for the visible region and a

vacuum thermocouple for the infrared.

MODIFIED INTEGRATING HEMISPHERE

Figure lSi-l(b) shows a schematic of the

modified integrating hemisphere. A diffuse re-

flector (diffuser) was located on a diameter of

the hemisphere a short distance to one side of

the center, and the specimen was located at a

conjugate position. The hemisphere was large

enough compared to the distance between the

diffuser an<l specimen so that it approximated

an ellipsoid.
The energy from a tungsten lamp, mercury

vapor lamp, or globar was projected through an

aperture and focused on the diffuser. The

energy reflected from the diffuser was recol-

lected by the hemisphere and [ocused onto the

specimen. The diffuser rettected with a good

169
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approximation to Lambert's cosine law, thus

irradiating the specimen with a hendspherica]
distribution of incident energy. Some of the

energy was reflected out the exit. aperture and
some was reflected back to the diffuse reflector.

An infinite number of internal reflections be-

tween the diffuser and specimen occurred with

some energy being reflected out. the exit aperture

to the spectrometer with each int.ermd reflection.

Derivation of the equation for the reflectance

of a specimen can be carried out in two different

ways. A ray of energy can be followed through

its many internal reflections and it will be found
to yield a geometric series for which the sum can

be written. Eckert (ref. 6) has pointed out a
simple procedure which was originally used by

Poljak (ref. 7).

Let Ba be the apparent brightness of the

diffuser. (See figure 18-1.) This is made up
of the initial reflection of the incident beam of

intensity H plus all of the interreflections with

the sample or reference. The apparent bright-

ness does not include any energy emitted by

the diffuser or sample, however, since this can

be eliminated by zeroing the spectrometer with

the silts open but the incident beam blanked

off. Similarly the brightness of the specimen
is given by B=. Then

B::=php_(l --2F)Bd (1)
where:

ph reflectance of hemisphere

p_ reflectance of specimen

F fraction of energy lost out each aperture

The brightness of the diffuser, Bd, is given by:

B_= p_H + pdph(1-- 2F) B_ (2)

where Pd is the reflectance of the diffuser

Solving for B, from (1) and (2),

B.--_ i PzPdPn( I-- 2F)H_pxpap_J(l__2F) _ (3)

If the specimen is replaced with a reference

surface, a similar equation can be written,

B_= O_pdph(1--2F)H (4)
1 --prpdph2(l --2F) _

Equations (3) and (4) can then be solved for

the ratio of the reflectance of the specimen to
that of the reference.

where:

p_ BJB,
P_ =I--Z(1--BJB,) (5)

%: prp_ph2(1 --2F) 2

In deriving equation (5) it was assumed that

the diffuser gave a cosine distribution of re-

flected energy and that the specimen and

reference were both either diffuse or specular.

If the reference is specular and the specimen is

diffuse, equation (1) is valid for the energy
which interacts with the diffuser but is not

valid for the energy reflected from the reference

out the aperture to the spectrometer.

The reason for this is that the energy re-

flected by a specular surface to the sensor

comes from a particular, small area on the

hemispt_ere and the energy lost out the aper-

ture after being reflected by the specular

surface does not affect the energy incident on
this spot. Consequently if a diffuse specimen

is compared with a specular reference the

measured brightness ratio must be divided by

the loss factor (1--2F) before using equation

(5). If a specular sample is compared with a

diffuse reference the brightness ratio must be

multiplied by the loss factor (1--2F) before

using equation (5).

Figure 18-2 is a general plot of equation (5).

It is seen that the best measurement accuracy
can be achieved if a reference can be chosen

with a reflectance approaching that of the

sample and the factor Z has a high value.

0 02 _4 0.$ OB I 0 _2 ,4 _S 18

}:l(;u_: i_-2.---Diffuser calibration equation.
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APPARATUS

A war surplus bombsight bubble was used

as the hemisphere. It was actually slightly

more than a hemisphere and had a steel

mounting flange attached. The hemisphere

was glass, precision ground and polished to

approximately 9_/8 in. inside diameter. Two
1-in. diameter holes were drilled in the hemi-

sphere for the entrance and exit apertures and

the inside was aluminized by vacuum depositing

an opaque coating of high-purity aluminum.

A diffuser of reasonably high reflectance that
reflected with a cosine distribution and whose

properties were stable in a vacuum at room

temperature was required. Aluminum, stain-

less steel, and brass were investigated. In an

effort to assure better scattering of the energy

incident on the diffuser, concentric corrugations

0.008 in. deep by 0.040 in. from crest to crest
were machined in the surface as shown in

figure 18-3. The diffusers were then blasted

with coarse silicon carbide and chemically
cleaned. Measurements of the spatial dis-

tribution of reflected energy showed that
aluminum exhibited bottl the highest reflect-
ance and the best distribution and was there-

fore selected as the diffuser material.

Energy from a Globar located about 4 in.
from the diffuser was projected onto the

diffuser at an angle of about 36 ° from the

normal. The reflected energy was measured

as a function of angle in a plane perpendicular

to the diffuser surface (Plane A, figure 18-3).

A Perkin-Elmer model 112 spectrometer was
used to make the measurements. The data

for 1_ and 8u are shown in figure 18-3.

With the Globar remaining fixed, the dif-
fuser was then tilted until the spectrometer

recorder gave a maximum signal. This oc-

curred with the Globar energy incident at.

about 26 ° from the normal and the energy

reflected to the spectrometer at 10 ° from the

normal as shown in Plane B, figure 18-3. It

was expected that by making measurements

of reflected energy at an angle more nearly

equal to the angle of incidence, any diffuser

specularity would tend to show up.
The data at 1 _ both for tim aluminum dif-

fuser and the magnesium carbonate (MgCO3)

diffuser are in good agreement with the cosine

distribution. At the shorter wavelengths

MgCOa is known to be a good diffuser, and

our measurements on MgCO3 were made to check

the validity of the experimental setup. At 8 u,
the aluminum diffuser data deviates somewhat
from a cosine distribution. The data for 26 °

incident energy measured in Plane B deviated

considerably more. This indicates that the

aluminum diffuser is somewhat specular at long

wavelengths. It was, therefore, necessary to

calibrate the equipment with specimens of

known reflectance. This procedure is discussed
in the section on calibration.

A turret with eight positions was provided

for lnounting specimens, diffusers and reference

surfaces at tim proper location with respect to
the center of the hemisphere. The diffuser and

specimen were 1}i-in. diameter and were lo-

cated at conjugate positions on each side of the

center of the hemispimre with a center to center

distance of 1}{ in. Ceramic specimen holders

with tungsten heating elements were provided

at two positions and a ehromel-alumel thermo-

couple welded to a small flat nickel strip was
hehl to each specimen surface with a spring-

loaded clip made of tungsten wire. Specimen

temperatures were recorded with a Brown re-

corder. Figure 18-4 shows the hemisphere and
turret with the various diffusers, specimen

heaters, and a specimen. The heaters were

powered by storage batteries and a rheostat
was used for control purposes. Water cooling

was provided to keep the diffusers at approxi-

mately room temperature.
An external nut on the turret tube and means

for positive indexing were provided to adjust

the location of the specimen and diffuser sur-

faces with respect to the center of the hemi-

sphere and thus maintain precise optical align-
ment. The height of the individual surfaces

on the turret, could be independently adjusted

to bring any two or more to the same height
and thus make allowance for variation of

specimen thickness.

The hemisphere was mounted on the rear end

plate of the vacuum chamber and the turret

was mounted on a second plate bolted to the

rear end plate as shown in figure 18-5. This

arrangement made it possible to remove the

turret to change specimens without disturbing
the hemisphere. A rotary seal consisting of two

O-rings lubricated with diffusion pump oil was



172 Measurement of Thermal Radiation Properties of Solids

.008

DIFFUSER CONSTRUCTION

PLANE A

PLANE B ---/

B

ANGLE DIAGRAM

x MgC03 -IP" ")

0 ALUMINUM DIFFUSER- I p.._ MEASURED IN PLANE AA ALUMINUM DIFFUSER - 8 p.

13 ALUMINUM DIFFUSER -Sp.e MEASURED IN PLANE B

30 ° 20" I 0 ° 0 I0 ° 20 ° 30 ='

50 ° 50 °

60 = 60 °

0



Measurementof SpectralReflectanceUsingan IntegratingHemisphere 173

ALUMINIZED MIRROR
STANDARD

MAGNESIUM CARBONATE,
DIFFUSER

FrGURE 18--4.--Hemisphere and turret.
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SPECIMEN (MOUNTED ON
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VACUUM CHAMBER DIFFUSER (7)

FIGURE lS-5.---Vacuum chamber and hemisphere,
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PERKIN-ELMER MODEL I 12
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FIGURE 18-6.--Refiectometer optical system.

provided for turret rotation. Two 3-in.-di-
ameter potassium bromide windows were pro-

vided in the front end plate, an<t a heater was

provided to keep these windows at. a tempera-

ture of about 100 ° F to prevent fogging. The

vacuum gage was ulso mounted in the front

end plate. Neoprene O-ring gaskets were used

at all joints.

The vacuum chamber, valve, pump, optical

system, and associated equipment were mount-
ed on a steel framework which was in turn

bolte(l to the console of the st)ectrometer. The

whole assembly was raised off the floor on screw

jacks to achieve and maintain the desired optical

aligmnent.

The optical system is shown in figure 18-6.

Since a Globar did not provide enough energy

at the short wavelengths, it, was necessary to

use a tungsten ribbon filament lamp for the

visible region. The tungsten lamp was re-

placed with a Inereury wtpor lamp for measure-

ments in the UV region. A two-position mirror
was incorporated for switching from one source

to the other (Section A-A, fig. 18-6). The slit

on tim cntr_lnce system was mounted in a/_-in.-
(tinmet(,r brass tube which was cemented in a

}role in the middle of the double-sided 45 °

mirror. This mirror was ,aluminized on both

sides. Two tl-in.-diameter f:/l spherical mir-

ro_ were required to produce an image of the

source slit on the diffuser. The image was

about !; ill. wide by _ in. long, and in line with

a horizontal line connecting the center of the

diffuser _m,{ specimen.
Energy retlected from the specimen out the

exit aperl ure was dettected by a plane mirror to

a 6-in. U'2.5 spherical mirror; it passed through

a beal,, rotating mirror arrangement (Section

B-B, fig. lS 6) and finally was focused by the

spectrom,,ter source parabola into the entrance
slits of the t'erkin-Ehner model 112 spectrom-

eter. Sin('e the images on the diffuser and

speein,en were horizontal and the spectrometer
slits were vertical, it was necessary to incorpo-

rate a beam rotating mirror in the optical
systen_. []orizontal in-line images were used
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to reduce the effect of spherical abberation.

The entire optical system was enclosed in a

ligtlt-tight housing which was kept dry with a

pan of silica gel.

Quartz, sodium chloride, potassium bromide,
and cesium iodide prisms were used to cover the

spectral range from 0.25 to 30 u. A IP21

photomultiplier was used up to about 0.8 u and

a Reede'r vacuum thermocouple for the re-

mainder of the spectrum.

CALIBRATION

"Pile integrating hemisphere yields a ratio of

the reflectance of a specimen to that of a
reference. A material with known reflectance

properties is therefore required for the refer-

ence. Since the tectmique makes it possible

to compare a diffuse surface with a specular
surface, an evaporated film of aluminum on

glass was chosen as the primary reference. The

normal spectral reflectance of an ewlporated

film of aluminum on glass was measured by

Strong's technique (ref. 8). Three specimens
of the aluminized glass were arranged as shown

in figure 18-7.

G

"k
FmURE 18-7.--Hemisphere reflectance determination.

Surface 2 was located one-third of the dis-

tance from surface 1 to 3, and all surfaces were

parallel. Surface 2 could be removed, however,

so that a beam of energy couhl be focused on

surface 3 at an angle of l0 ° from the normal.

The energy reflected to the spectrometer was

then,

Gz =H_ p_ (6)

When surface 2 was replaced, five reflections
occurred between surfaces 1 and 2. The

energy reflected to the spectrometer was then:

G_=H_m _ (7)

and the fourth root of the ratio yielded the
reflectance of the aluminized glass.

This method gave high sensitivity and tended
to reduce measurement errors. It required

precise alignment of the mirrored surfaces,

however. Aligmnent was achieved by mount-
ing the three specimens on a common bar.

Precise alignment of the aluminized glass

specimens was achieved by projecting a beam
of light to the specimens from a distance of

about 20 ft and at an angle of about l0 ° to the
normal. The reflected beam was focused on a

screen also about 20 ft away. The aluminized

glass specimens were then aligned so that the
images from the 1 and 5 reflection cases were
coincident on the screen. The reflectance

data are presented in figure 18-8 and are seen

to he in good agreement with the data of Hass

(ref. 9) and, in the infrared, with the theoreti-

cal reflectance calculated from the Hagen-

Rubens equations which states that for a pure

metal in the infrared region,

p=l--36.05 4r_ (9)

where:

r resistivity, 2.828X10 -8 ohm-cm for com-

mercially pure aluminum at 20 ° C

X wavelength,
Some trouble was encountered when com-

mercially polished glass was used as a substrate

for the aluminum film. It produced a sub-

stantially lower reflectance in the visible and

UV region due to the roughness of the glass.

Polishing the plate glass to optical standards

eliminated this scattering loss and brought the
data into substantial agreement with that of
Hass.

The aluminum film on these specimens was

produced at the same time and under the same
conditions as the film on the integrating

hemisphere and the reference surfaces. The

reflectance values were, therefore, used for both
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the reference surface and _]]e retlectan('e of the

hemisphere.
Tile instrmnent f_u'tor, Z, was determined

in two ways. Because of diffuser specularity
at the longer waveleng'ths, the most reliable
method was found to l>c a direct measuremenl

of the factor with the _dd of a second known

reference or standard. This secon(t reference

was prepared by mounting a layer of 2]nm glass

rods across a l};-in, diameter glass ring. The

rods were then ground and polishe(I until _

flat polished surface passing through the longi-
tudinal eenterline of the rods was achieved.

Every other rod was then removed and an

ew_pm'ated aluminum fihn was deposited on

the rem,,tining grid. A disk painted with

Parson's optical t)lack lacquer was mounted

behin(I _h(, grid. The completed standard then

consisted nf alternate areas of black spaces
which wet(, nonreflective and aluminum film

on glass which was highly reflective, The
rellective surface covered 50% of the total area

and wi_en compared with a fully aluminized
reference, 1he reflectance ratio was 50o/0 at all

wavelengths. Equation (5) could then be
solved for Z.
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The Z factor was also computed from the re-

flectances of the tmmisptmre, diffuser and ref-
erence and the loss factor. Tile aluminized

glass reference and }mmisphere ha(l the same
reflectance which was (letermined as described

above. The diffuser reflectance was meas-

ured by using two i(tentic, al diffusers- one as
the primary diffuser and one as the specimen.

One wtriable was then eliminated making it

possible to write equation (5) in lhe form:

p,, 1+, 4V(1/D)B2B_/(i" f/DB,dB,_)+ i

o_ 2V(1 -- 1/DB_/Bd_)
(lo)

where:

g _--- pn4D 'z

D=I--2F

The loss factor D=I--2F couhl be com-

puted from the geometry of the apertures,

diffuser, and specimen or reference. If the dif-

fuser established a truly henfispherical distri-

t)ution of energy retlecte<l from it, the term F

was tile solid angle whicll the apertures sub-

tended with respect to the diffuser or specimen.

The equation for the solid angle factor between
two parallel disks is (ref. 10):

/" = 1/2(x--,x2--4(r_/r_) 2) (11)

x= 1q--(,%'/rd)2+ (ra/rd) 2 (12)

where :

r_=radius of aperture, 0.5 in.
re=radius of diffuser, 0.5625 in.

s--distance between diffuser and aperture
4.678 in.

Therefore,

and

ERRORS

• There were several sources of un('ertainty in
the measurements which made it difficult to

calculale ttle overall error. A major source of

uncertainty was introduced by the spherical

aberration produced by the hemisphere. This

caused energy reflected from a point on the

diffuser to be spread out along a line on the

specimen as shown in figure 18-9. This line passed
through the point of origin and the center of

the hemisphere. Subsequent reflections pro-

(luted increase(t scattering until some of the
energy missed the diffuser or specimen and was
lost.

In order to conserve the energy, the mag-

nification of the source optics was chosen su(.h

that the energy projected on the diffuser was
confined to a band about }_ in. wide and )_ in.

long as shown in figure l S-9. The magnification

of the pick-up optics was then chosen such that

the spectrometer with wide open slits received

the energy from the entire illuminated ban(t on

the specimen. Ahhough an energy gradient
existed over tile length of this band, it was

effectively integrated by the sensor in the
spectrometer, Analysis showed that tile energy

loss was negligible with this arrangement.

Scattered radiation produced by the windows
in the vacuum chamber also was an unknown

source of error. It was possible for energy

scattered by surface reflections from the en-

trance window to fall directly on the specimen

without first being reflected by the diffuser.

This was particularly troublesome in the case of

a specular specimen or the aluminized glass
standard. In these cases an appreciable amount

of energy could be reflected specularly to the

spectrometer without first being diffused l)y the

diffuser. To prevent this, it was necessary to

tilt the specimen or standard slightly so that
the direct reflection of the entrance window

did not enter tile spectrometer.

The diffusers produced a third area of uncer-

tainty. The equations assumed a Immbertian

distribution of reflected energy. The diffusers

were somewhat specular beyond about 2/z, how-

ever, and the calculated values for the factor Z

gave reflectance values that appeared too high.
The Z values measured by the technique de-

scribed in the section on calibration effectively

solved this problem.

Focusing of the diffuser and specimen was

critical. The hemisphere had a very shallow

depth of field, and it was necessary to locate

the surface of the specimen and diffuser within

a few thousandths of an inch of a plane passing

through the center of the hemisphere. It was
found that the turret could be adjusted with

tile focusing nut to give a maximum signal and

the position of the nut could be marked. Lo-

cating the proper position for both the specimen
measurement and the reference measurement
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FIGURE 18-9.--Spherical aberration.

in this way gave 99 °70or greater reproducibility
in most cases. Good reflectors were more crit-

ical in this respect than poor reflectors.

The amplifier and sensor noise also were suf-

ficient to limit measurement accuracy at low

energy levels where a high amplifier gain was

required. This was especially troublesome at

the ends of the spectrum when the specimen-
to-reference reflectance ratio was small. When

the specimen reflectance was only 10_V_ of the
reference reflectance (diffuser or aluminized

glass standard) the instrument recording error

could be 10% of this ratio. Zero drift in the

instrument was also annoying at high gains,

necessitating repetitive readings to obtain a

reproducible zero.
Measurements at 0.8_ were awkward. The

spectral response of the photomultiplier dropped

off sharply in this region and gave readings of

questionable accuracy. On the other hand this
represented the lower limit for the thermo-

couple and required maximum amplifier gain

along with maximunl noise. Disagreement be-

tween the two sensors ranged from zero to more

than 25% in a few cases. Although both sen-

sors were used at 0.Su, the thermocouple data

were considered more reliable. In order to get

an indication of the overall accuracy, the meas-

urements on several materials were compared

with those of other investigators.
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fo o -. o o

_ 08 _
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07
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o_ .....O6 08 rO
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I L J _ __

WaVELE NGTH, M_CRONS

I_h(_UREl_-10.--Reflectauce of magnesium carbonate.

¢OMPMtATIVE DATA

Figure 1,_-10 shows a comparison of our

cueasure¢_cnts on freshly scraped magnesium

carbonate, with t]_ose of Benford (l l) and

Betz (12). These data agree within 1.S°/o ex-

cept for the measurement at 2.0/_. Disagree-

merit here may have been due to the wide

spectrometer slits we were forced to use to

compensate for spherical aberrations, and the

presence of a narrow absorption band at 2.0u.

Our spectral resolution probably was not as

good as in the case of Betz's measurements.

ArrangemelJts were also made to have two
other laboratories measure the normal spectral

reflectance of identical specimens punched from
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FXGUeE18-11.--Reflectance of hard coat anodized aluminum.

the same coupon of anodized aluminum. The

Solar Radiation Laboratory of the University of
California measured the reflectance of chromic

acid anodized 1075 aluminuta and sulphuric
acid anodized 7075 aluminum over the spectral

range of 0.35 to 3_. The Thermodynamics
Laboratory of Lockheed Missiles and Space

Company also measured these specimens over

this spectral range as well as a specimen of 7075

anodized by the hard-coat process (low-tem-
perature sulfuric acid). Both of these labora-

tories used the Cary integrating sphere for

measurements in this range. In addition,

Lockheed measured the three specimens in the

infrared region from 2 to 21# with a Gier-
Dunkle hohlraum reflectometer. These data

are compared with data obtained on identical

samples with the integrating hemisphere re-

flectometer in figures 18-11,-12, and -13.

The agreement was generally acceptable.

Because of the wide spectrometer slits used

with the integrating hemisphere to reduce

spherical aberration problems, our measure-

ments did not resolve the interference bands in

the chromic acid anodized specimen. Our

measurements did give an integrated average

which was in agreement with the other data in

this region, however.

The spectral range has recently been extended

to 0.25_ at the short wavelength end of the

spectrum by using a mercury vapor lamp

source, and to 30_ at the long wavelength end

by using a cesium iodide prism. This prism

gives rather poor spectral resolution but it does

provide data in the 23- to 30-# region.

The specimen is mounted on a small heater
and is supplied with a thermocouple. Measure-

ments have been made with specimen tempera-

tures ranging from room temperature to

1300 ° F. Since the spectral reflectance does

not change greatly with temperature unless the

surface undergoes a physical or chemical change,
temperature control is not critical. Elevated

specimen temperatures do increase the energy

emitted by the specimen, however. It was
found that at about 1350 ° F the emitted energy

became so large in the IR region that the

spectrometer could no longer be zeroed. Under

these conditions it should be possible to use the

heated specimens as the energy source and

measure it against two different diffuse refer-

ences. This possibility has not yet been

investigated, however.
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FIGURE 18-12.--Reflcctance of sulfuric acid :_m,liz_(t aluminum.
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DISCUSSION

R. E. GAUMER, LMSC: Thv paper is well written

and describes a very v(,rsatil(. IIl_'asUF('.ql('nt apparatus.

The use of a sil/glt'-b(,am ln_,asllring system has advttn-

tages of simpler ol)tical and vh,ctronic systems, but

requires greater source and eh'('tronic stability than tlw

doubh,-bcam system. It. was not clear how the emitted

energy for ehwated temp(,ratur_' infrared measurmnents

wax compcnsated for at temperatures below 1300 ° F.

This energy becomes appreci'd)h, at. the long waw,-

lengths for ambient and room temperature sanwles

if source chopping is not used. The use of a lead sulfide

detector for the spectral r.mgr from 0.6 to 2.() ** would

alleviate the difficulties ascribed to lack of mwrgy and

gain problems.

In normal use the i,ltcgrating hmnisphere gives th(,

diffuse reflectance from a sample illuminated from a

source at some an_le O. Wh,,,i us(,d this way th,,

multiple reflections from the h(,misphere collect ,,nt'r_y

ow, r the total solid angh' and eonc(q_trat(' it on a

suitable detector.

As modified by the authors, the hemisphere is no

longer used in this role and is instead used simply to

place energy from the total solid ankle onto the samph'

and the reflected energy is detect(,d at near normal

angles. As such, it is performing much like a hoMraum,

and its results arc the same, with some advantages and

some serious {{isadvantages when compared to a hohl-

ratlm Nyst(qtl.

Thr disadv'mtagcs of the hohlraum are mah_ly those

of samph, heating and hohlraum temperature control.

The former i_ _(_m,rally amenable to correction, aml the

latter (.¢mt, rollabh, with proper design. In any event

al)sohllr t,rt'l)r can in general t)e lwhl to =t=0.112 r(,flec-

t'm('r ulfit_ out to 20 to 25u.

Ttw di><allx:mt'_('s of the hmnispher(' method as

used h(,r(, is th(, m,ct,ssity of rt,fer(,nce santph,s of known

taat(,rbds at all t(,mp(,ratur('s US('C]. Tit(, US( +of r(,f(,r(,r+ce

material_ Js ahvays questionabh+; however, their stability

Ill. t.h(, _q_.\-at.,,I tmnperat.ure i_)terjeet.s still more uncer-

t.aiflty. \Vh(.n information on the absolute rclh'etance

of a rt,fl.r_,u<'r material which ix stable, diffuse, and easily

duplicated bt,(umws availabh', it may be possibh, to us("

this metho. I to a(lvanta_(' as a rapid sampling device.

Houcv(.r, the absolute data obtainv(t arc no more

cvrtai, than lht, standards used.

For hot saml,h', the lack of chopped incident .t.,rgy

rcquir.s z_,rob_g out samplt, emission with th(, amplifier.

All oth_.r background signals must likewise be "zrroed"

out. In _en,'ral this is satisfactory in operations where

the spurious signal is about 5070 of the total signal.

In this c:ts(, the spurious signal might al)proach 900/0

of thr t.tal for a poor reflector. It is obvious that

such conditions arc intolerable.
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OF SOLIDS

BY W. E. MARTIN

RCA ASTRO-ELECTRONICS DIVISION, PRINCETON, NEW JERSEY

A knowledge of the capacity of an opaque material to absorb various wavelengths of

radiation is important for the space-vehicle designer as an aid to his estimation of design re-

quirements. In general, the basic data needed in this area are not available. Because of the

high temperatures involved, it is impractical to make emittance measurements at the shorter

wavelengths. Therefore, absorptance is determined indirectly by measuring the spectral

reflectance of a material under conditions of diffuse illumination.

Measurements of the spectral reflectance of non-transparent media from 350 to 250(} mg

have been made by irradiating a sample with a hemispherical diffuse source, and measuring

the reflected flux at an angle of 45 ° to the normal.

The diffuse source consists of three coincident hemispheres. An outer hemisphere

mounts 96 incandescent lamps pointed radially inward. A second hemisphere shades the

base of each lamp and reflects diffusely the radiance of these lamps. The inner hemisphere is

a light-diffuser 5 in. in diameter, made from translucent grit-blasted glass. The base plane

of the coincident hcmisplmres is a disk coated with electrolytic aluminum having a reflectanc(.

of 0.7 to 0.. () through the sp('ctral range of measurement. The base l)lane provides a virtual

image of the innermost hemisphere. A saml_le is placed at a port located in the base plan(_

at the origin of the coincident hemisl)heres, and therefore is irradiated as though it were

sllrrounded by a sphere of uniform wall brightness. An area of the sarnl)le (viewed at 45 ¢)

is projected into the entrance slit of the monochromator, and the flux received is a measure

of the sample rcitectance.

The absolute rct]ectance is determined by the relative radiant intensities from the sample

and from a standard reflector. Both a diffuse standard and a specular standard have been

used. The diffuse standard is a block of magnesium carbonate (MgCO3) whose surfac(.

propcrti(,s can be ret)eatedly renewed by scraping. The specular standard is an evaporated

aluminum coating ot_ a glass substrate, protected with a magnesium fluoride overcoating.

The absolute reflectance of the MgCOa standard was determined from the literature, and

the reflectance of the specular standard was measured on a Cary model 14 spectrophotometcr

with an accuracy of ±0.5%.

Measurements have demonstrated the capability of the apparatus, and rel)resent

significant contributions to the design of particular space vehicles. The measurement

program has not been compr_dn.nsive, but has been limited to surfaces considered at)plicable,

and with a_l overall accuracy of about 5 to 10%. The most severe limitation of the equip-

ment has been the necessity of viewing specialized interference-coated specular samples at

an angle of 45 °. Future plans include measurements at viewing angles near the normal for

some materials, since many samples show significant variations in reItectanee with angle of

view. In addition, the standards of absolute reflectance utilized should be verified by cali-

brations with NBS standards of diffuse reflectance.

The energy incident on a space vehicle
originates primarily from the sun, and secondly

from the solar radiation diffusely reflecte<l

from the earth and its atmosphere.

Most of this incident energy lies in the short-

wavelength region (0.2 to 3.5 u). There is

also long-wavelength incident energy from self-

692-146 O--63--18

emitted earth radiation (through the atmos-

pheric windows), and from low-temperature

radiation from the atmosphere itself.
The surface radiative properties of satellite

materials in the near-ultraviolet, the visible,

and the infrare(l spectral regions are important
in determining the thermal equilibrium of an

183
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in-flight space vehicle. This equilibrium is

governed primarily by the absorption of incident

energy and the re-emmission of this energy at
long wavelengths. Therefore, the equilibrium

temperature is a function of the physical-

optical characteristics of the surface materials
used.

Freedom to select those surface properties

meeting the exact needs for a particular design

requires an investigation of the radiative prop-

erties of many materials. The investigation
must determine: (t) the absorptance (ax) of

these materials for the incident solar energy;

and (2) the spectral emittance (ex) of the

materials at low temperatures. Instrumenta-

tion has been developed to determine these

properties. This report describes the develop-
ment of instrumentation for the measurment

of diffuse spectral reflectance (p_) of a variety
of materials.

REFLECTANCE UNDER CONDITIONS OF DIF-

FUSE ILLUMINATION AND 45 ° VIEWING

Instrumentation

The spectral absorptunce a_ for opaque
materials is related to the spectral reflectance

px by the equation a×=-l--p_;l thus, a knowl-

edge of p_ gives a, indirectly. By weighting ax
with the known solar spectrum (the primary

source), the effective solar absorptivity is

a= f w_d_

In earlier experiments, goniometry was em-

ployed to obtain ax. This was a tedious,

inaccurate, time-consuming method, since the

partial reflectance must be integrated over all

angles at each dh. To hasten this process,

an integrating hemisphere (fig. 19-1) was
fabricated.

The device shown in figure 19-1 is an alumi-

num hemisphere with 96 lamps distributed

uniformly over its surface. The illuminated

target (specimen surface) is positioned at the
center of the hemispheric basal plane. In-

serted between the outer hemisphere and tile

basal plane is an intermediate hemisphere with

viewing port. The intermediate hemisphere

r The spectral absorptanc(, ,_o computed is that for a

direction of incident(' (,qual to the direction of vi_win_

under which Px was measured.

];'IGURE 19-1.--Reflectance device.

was instrumented with a lighting-fixture dif-

fusing glob_; made into an inner coincident

hemisphere to yield a uniform wall luminosity.
The reflected flux which passes through the

monochromator entrance slit, via an arbitrarily

placed aperture in the side of the hemisphere
wall, is a measure of the total reflectance of

the target.

Apparatus

Operation of the reflectance instrumentation
is described with reference to figure 19-2.
The monochromator entrance slit shown in

the lower right-hand corner of the drawing

is imaged in object space through the coincident

viewing ports by the spherical mirror via the

diagonal mirror and the 45 ° flat mirror, thus

forming al_ entrance pupil at the sample port.
The entrance pupil formed allows only radia-

tion thai is reflected from a specimen to enter
the J,lonochromator entrance slit. Thus, the

boundaries of the area subtended by the en-
trance slit are well defined. If a specimen

located at the sample port is characteristically

specular, tile focus depth of field is sufficiently

great to image the slit on the innermost diffusing
hemisphere through the reflectance of that
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FzouR_ 19-2.--Line drawing of reflectance apparatus.

specimen. However, if the specimen is diffuse,
then illumination of the specimen is integrated

o_*er the 2_r solid angle of the hemisphere, and
is reflected diffusely into tile entrance slit.

The equations developed later shown that for

equal values of diffuse and specular reflection,
an exactly equal flux passes into the entrance
slit.

The reflectance device in cross section (fig.

19-2) shows diagrammatically how the 96

lamps are mounted to the outer hemisphere
for ilhlmination of the innermost translucent

diffusing hemisphere, it should be pointed out

that the number of lamps, and their geometrical

arrangement, is designed to provide uniform

irradiation of the inner hemisphere, and that

further uniformity is obtained due to the virtual

image of the entire composite structure in the

basal plane. This arrangement in effect pro-

vides a spherical surface surrounding the speci-

men with many reflections and re-reflections,
and provides a very uniform wall brightness.

The wall brightness of the inner hemisphere

has been probed without detection of non-

uniformity within the sensitivity limits of

measurement equipment available.

Figure 19-3 shows an external view of the
arrangement described above. The nature of

the inner hemisphere initially limited the usable

spectral range to between 350 and 1100 m_. At

350 m_, the glass substrate becomes opaque;

and at 1100 ram, the diffusing character of the

hemisphere cuts off (fig. 19-4) and the hemi-

sphere then becomes transparent, resulting in

non-uniformity of wall luminosity.
The characteristic diffusion property of this

intermediate hemisphere was extended to 3.0a

by blasting the innermost wall with a 1200-mesh

grit resulting in a transmission curve noted by
the lower curve of figure 19-4. Thus, the

usable range of the instrumentation now extends

from 350 to 3000 m_. By using a standard

target, relati_'e reflectance of a specimen is
converted into an absolute measurement from

the mathematical analysis, as follows:
The action of the integrating hemisphere is

best explained by considering au unknown

idealized diffuse specimen at P in fi_re 19:-5.
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FI(;VRE 19-3.--Arrangcment of retl,_ct_nc,_ apparatus.
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FIGU1_.E19-4.--Specular transmission of inner
hemisphere.

Replace the specimen with an idealized specular

reflector, and then compare the radiation for a

given dX flux density entering the monochroma-

tot entrance slit. The specular reflector is used

here as a standard; however, the standard
could have been a diffuse surface.

The [tux emitted/unit area, or luminosity L,

of the hemisphere wall emitted at dc_ is L,d_.

and the intensity
Lode

[o--
7r

l(0)=Io cos 0 L_da_-- cos 0

7r

E_ is the flux received/unit area at P.

I L,.'. ,tE_, _)- ('os ¢--_r _ cos 0 (,os _(t_

[']_ L_ 7rr_c°s ¢ cos Oda

and for a h('misphere 0-0 because the terminal
side of 0 is always coincident with the normal.

.'. Ep_ f_ ._ _os kd(r

, cos ¢21rr _ sin ¢d¢
7rr- ,
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f

2L Fsin2 _b-I-_= ,L- -jo=L 

L_, the flux density leaving P=pxEp

•".Lp=pxL. and px=_

Px reflectance of unknown diffuse surface

p, reflectance of standard specular surface.

For the specular case where the angle of

incidence is equal to tile angle of reflection:

assuming all the flux is in the specular direc-

tion for the specular standard:

L_Lo L, Dx

where Dx is monochromator recorder output

deflection for tile unknown sample and Ds is
that of the standard.

FIOURE 19-5._Geometrical relationships of the

reflectance device.

The derivation in the analysis shows that the

total reflectance for a diffuse specimen inte-

grated over a 27r solid angle can be compared

exactly to the reflectance of the specular stand-

ard if the integrating hemisphere has a uniform
wall luminosity. It is immaterial whether the

reflectances fall between the limits of being

totally diffuse or totally specular, because the

system measures the total reflectance of the

specimen under test.

To complete the instrumentation, we nmst

determine the absolute spectral reflectance of
a material used as a laboratory reflectance

standard. One approach to this determination

was a literature search for the diffuse spectral

reflectance of magnesium carbonate (MgCO3),
which is _n easily-nmintained material obtained

commercially in block form. This material can

he scraped repeatedly for renewed repeatable
surface properties. _ The other approach is to

procure a coated aluminized specular surface of

high durability which has been spectrally cali-
brated by high-precision absolute-reflectance

measurement equipment.

Upon consideration of the slight angular de-

pendence function of a diffuse standard, it

would appear that the reflectance data on

MgCOa reported in references 1 and 2 can be
utilized.

An ideal cosine reflecting surface positioned

at P (fig. 19-5) results in an amount of flux (F)

depending only on the angular dependence of

reflectivity p_ entering the monochromator en-
trance slit at P. Considering the factors de-

pendent on view angle (B), proof is given that

flux is constant if m is constant, since the slit

projection length is the variable with _, and
the width Zis constant. Proof of the constancy

of flux is given below by considering the surface

at P, an elemental area dA viewed at _0 (normal

incidence), and again at various angles.

N

dF= paE _(lrP )cos _dA ,__ ]lbP_

Since the writing of this t)aper thr r(,floetance has

b(,en observrd to vary from block to block and rye11

within the ,_am(' block a,s material is serapt.d a_vay.
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At various angles of _, the elemental areas

maintain the following trigonometric relation-

ships at constant width: where

dA o

dAo dAodA2_sin (90°--_) cos f_ A2

90 °- fl
Thus,

dF_o Kp%EflAo peoEflAo

dF_2 Kp_2E p cos 6dA., v_2EflAo

and it is seen that the flux entering the entrance

slit is constant, with the exception of the an-

gular dependence of v_, which is relatively con-

stant with angles of incidence as great as 45 °
(ref. 3).

The conclusion was reached, from geometrical

relationships, that it wouht be necessary to view

the sample port at an angle of 45 ° so that large

errors would not be introduced by the fact that

the viewing port subtends a large solid angle at
normal incidence.

After fabrication of the reflectance device,

the angular dependence of reflectance (p_) was
measured for two types of materials: a specular
standard and a diffuse standard. For the diffuse

standard, errors were introduced when the sam-

ple was normal to the viewline, because of the

solid angle subtended by the viewing port in the

inner hemisphere wall, as mentioned above.

Therefore, it was impractical to measure pre-

cisely the angular dependence of reflectance.

The measure of the specular standard depend-
ence on angular reflectance, however, could be

made at various view angles, with results indi-

cating no angular dependence of reflectance up
to 45 ° . Tiffs is shown by the theoretical

Fresnel relations (ref. 4) where

1

cos _--n cos Bo
rp--

cos t_ +'_ cos t_o

(*denotes complex conjugate).

cos/_0--w cos _,
r_

cos 130-4-_:cos t_

u=,-jk

n_ sin _,=sin _0

Equation (1) is plotted in figure 19-6 for

k
_=0

(low absorption coefficient) and it can t)e seen

that there is no angular dependence of reflec-

tance to at least 45 ° for high values of P_0"

The reflectance of the first-surface aluminized

mirrors used as specular standards was meas-

ured by J. F. Hall and Richard J. Walsh of

Bausch and Lomb, Incorporated, on a Cary

model 14 spectxophotometer to an accuracy of

'_ _ through the spectral range between

200 and 2200 m_ (fig. 19-6). In the experi-
mental measurement of the relectance of the

specular standard at 45 degrees, no change in
reflectance relative to the reflectance at near-

normal illcidence could be detected, which

agrees with the theoretical consideration pre-

sented })v equation (1) and figure 19-7. Fur-

ther, this measurement gives credence to the

assumption of uniform wall luminosity for the

inner hemisphere.

With the absolute specular and spectral re-

fiectances as reported by Hall and Walsh and
a view angle 3 (45°), a measurement of the total

reflectance of N,lgCO3 was made, utilizing the

first-surface aluminized specular mirror as a

standard. Figure 19-8 shows the absolute re-

flectan('e obtained for MgCO3 in the reflectance

device, relal,ive to that reported in references 1

and 2. Figure 19-9 shows this reflectance in
more detail.

The _laximum error exhibited by the data in

figure 19 ,_ is 7.5% at 1200 m_ and is attributed

to the assuulptions made concerning the use of

T

FIGURE 1,_-6.-" Reflectance of aluminized mirror stand-
ard. Aluminum plus magnesium fluoride peaked at
6os X.



Hemispheric Spectral Reflectance of Solids 189

IO

i
o

I0 20 30 44) 5O _ _0 eO gO

B

FIouR£ 19-7.--Theoretical angular dependence of

reflectance for metallic film.
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Fm_a_ 19-8.--Measurement and comparison of

magnesium carbonate reflectance.
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F_v_. 19-9.--Absolute reflectance of magnesium

carbonate.

normal-view reflectance data for both specular
and diffuse standards at an actual measurement

view angle of 45 °. In all subsequent data ob-

' tained with the hemispherical reflectance de-

vice, the reflectance standard used is MgCOa,

as reported in references 1 and 2, for the assump-

tion is that angular errors will cancel as long as
the view angles for the standard of reflectance

and the specimen are the same.

Measurement Procedure

The monochromator is utilized in a single-

beam comparison manner as a means for selec-

tion of the wavelength (k) and the resolution

(dk). Measurements are made point by point

through the spectral range of interest in order to

obtain as high an accuracy as possible. ]t is

not the purpose of this paper to describe the

action of the monochromator in detail; there-

fore, it is sufficient to say that the output elec-

trical signals are proportional to the radient flux

received by the monochromator's detector for

the dk and k chosen, and that the mono-

chromator is a conventional unit widely used by
workers in the field.

Briefly, the spectral measurements are made

in the following manner, after alignment of the
reflectance device.

The wavelength drum of the monochromator

is set to a calibration setting for a desired wave-

length (X). The slit width is opened to a de-
sired width defining dX. The specimens and

holders are removed from the sample port and a

zero-radiation recorder-output signal is ob-

tained. A standard of reflectance is then po-

sitioned in the viewing port, and the output

signal is adjusted by varying the gain of the

amplifier for an upscale signal output. The

test sample is then positioned at tim sample

port, and the output signal is recorded. It is

usually necessary to readjust the amplifier so
that the upscale and downscale output signals
fall within fullscale deflection of the recorder.

The reflectance of the test specimen is then

D,-D 
P_"= P*'" D.,_-- Do

where p_,,_is the total reflectance of the speci-

men, p_,,_ is the absolute reflectance of the

standard of reflectance within the wavelength

band, and D_, Do, and D,_ are the respective

recorder deflections.



190

I.o !

oe' .....

o.z

04I

o_,, !

_ _ tOtAu H(V*SP.EWI_L _EFuecTANce __

r_ z_z ,_'_,0¢o S_.AR CIL_

ce_ ceuc - No _AArma_
SLY'6'

_cx, n_At oF IIOL.AII eN[M_ _,[NCe __

voL_- v,o.4 oct r_o _'R3
_ECU'.Am Re_eCtANC( Oe t_ SOL_ --
¢¢LL _ _mma_ ,_J_eNce

Fz_vrz 19-10.--Comparison of reflectance measure-

ments for boron-doped silicon cell.

These same measurements are now repeated

at other wavelengths until the entire spectral

region is covered

Similar methods have been described in the

literature by others (ref. 5 and 6).

Results

Performance of the equipment in its present

state is best demonstrated by studying figures

19-10, 19-ll, and 19-12, which show in

graphical form reflectance data obtained for a

variety of materials, and correlating them with

measurements of other workers. Figure 19-10

demonstrates correlation of low-reflectance ma-

terial; reflectance data for boron-doped silicon

solar cells obtained with the developed instru-

mentation are compared to published data by

Escoffery (ref. 7). Figure 19-11 shows cor-

relation between measurements on a quenched-

sulfur diffuse material as reported orally by

Dr. Max Kronstein, New York University (ref.

8), and data obtained with RCA Astro-Elee-

tronic Division's instrumentation for this same

material.

ii°
°'i

)

FZGVR]_ 19--1 1.--Comparison (ff retlectance for

quenched-sulfur material.
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FmL'RE 19-12.---Measured data for aluminized retlector

at 45 ° incid[_nce. Magnesium carbonate standard used.
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F[au;¢_ i 9-13.-- Portion of total spectral absorption of

solar-cell compoMtc, as determined by reflectance

device. IR(: '2 by 2 gridded solar cell, blue/red

optical coating, Laboratory Inc., filter composite,
and RCA data sheets: SR 82561-2 and E92061-2.

c_=(t.7S{). ,=0.S61, and a/,-----0.906.

_O N_CI

o,J _ f_JLL_ _oCl

F_r,_as 19-14.--Portion of spectral absorption of paint

sample a., determined by reflectance device.

Figure 19-12 shows data obtained on an

aluminized mirror, which correlates quite well

with generally accepted data.

Figures 19-13 and --14 show types of data

obtained wilh the developed instrumentation.
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F[GURE 19-15,--Spectral absorption of black and white paint mixture.

Obviously, information above 3.0it is obtained

with different equipment; however, transition

from one spectral region and instrumentation to

another is accomplished without serious match-

ing problems and indicates good correlation in

this regard. Figure 19-15 shows additional

measurements made with the developed in-

strumentation; it shows how _ changes with

formulations of different parts by weight of a

mixture of black and white paint.

RECOMMENDATIONS AND CONCLUSIONS

Extending the spectral range of the diffusin_

hemisphere to at. least 3.0t_ by grit blasting with

a 1200-mesh grit has been successfully accom-

plished. Extending the short-wavelength cut-

off of the system to at least 200 mu requires an

exotic hemisptlere material, such as quartz or

sapphire, which is prohibitively expensive.

The projection of the monochromator en-

trance slit, as the system is instrumented, is at

a view angle of 45 °. This angle should be cor-
rected for some materials to an angle of about

10°. For specular interference films, for in-
stance, the path of the rays within the film is

significantly increased with increasing incidence

angle, which introduces significant errors in

measurement. The ray path-length increase

was a problem when measuring the total reflec-

tance of solar cells with interference-film glass

covers. Here, the prol)lem lies in the measure-

merit of reflectance at high incidence angles
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where the spectral tuning of the interference

film is designed for normal incidence. Some of

the results show high peaks of reflectance de-

veloped in the center of band-pass filters. Fur-

ther, there is an expected spectral shift in

cut-on-cutoff wavelengths of about 10_v because
of the 45 ° incidence.

The system developed has an accuracy
_7.5%. However, further work should be

done to obtain a measure of the absolute angu-

lar reflectance at various wavelengths for the
standards used, and correlations should be ob-

tained of these standards of reflectance with
NBS standards of diffuse reflectance.
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20--MEASUREMENT OF THERMAL-RADIA-

TION PROPERTIES OF TEMPERATURE-

CONTROL SURFACES IN SPACE

BY CARR B. NEEL AND GILBERT G. ROBINSON

NASA AMES RESEARCH CENTER, MOFFETT FIELD. CALIFORNIA

As part of an investigation of the emittance stability of spacecraft temperature-control
coatings, a method was dcviscd for measuring the thermal-radiation characteristics of sur-
faces during flight in space, The method consists of measuring the temperature history of
a z_umber of thermally isolated test surfaces. From the temperature-response curves, the
radiation characteristics of the surfaces are deduced by use of a transient thermal analysis.

Such an experiment was included on the S-16 ()rbiting Solar Observatory, which was
launched March 7, 1962. Based on the measurements made in this experiment, it was
concluded that the technique offers a reasonably accurate metho4 of determining the thermal-
radiation characteristics of surfaces in space. Comparisons of the flight measurements with
values obtained in the laboratory showed an over-all agreement to within less than 10%.

Since the temperature control of space

vehicles depends on the thermal-radiation

characteristics of the vehicle surfaces, it is im-

portant that the radiation properties of the

surfaces not change during flight in space. The

space environment, however, can cause changes

in surface characteristics, leading to inadequate

temperature control. As part of an investiga-

tion to study the long-term stability of a num-
ber of typical temperature-control coatings, an

experiment was devised for inclusion in a satel-

lite to measure the radiation properties of

surfaces in the space environment. Although

the primary purpose of the investigation is to

study the emittance stability of surfaces, the

purpose of this paper is to describe the technique

for measuring these characteristics during flight

in space; hence, no discussion of degradation of
surface coatings will be presented.

The method consists essentially of measuring

the temperature of the surfaces while they are

subjected to the various heating sources in
space. In the past, as in references 1 and 2,

correlations of measured skin temperature on
satellites with calculated values have been com-

plicated by the necessity to account for large
amounts of conduction and radiation to other

parts of the satellite structure. In the present

method, the surfaces are thermally isolated to
minimize extraneous heat losses. The radiation

characteristics of the surfaces are deduced from

the temperature measurements.
Six different surfaces were tested in the ex-

perbnent. A seventh surface, which was de-

signed to remain unchanged in space, was used

as a reference. The test equipment was in-

stalled on the S-16 Orbiting Solar Observatory,
a sun-oriented earth satellite, which was

launched March 7, 1962. Temperatures of the
surfaces were telemetered from the satellite.

Comparisons of the temperatures of the test
surfaces with that of the reference surface pro-

vide a basis for evaluating changes in the ther-

mal characteristics of the test coatings.

In this paper, the method of obtaining
thermal-radiation characteristics from tempera-

ture measurements of surfaces in space is dis-

cussed. The temperature-measuring technique
and the integration of the experiment into the

satellite systems are described, and the data-

acquisition procedure is touched on briefly.

Comparisons are made between the radiation

properties obtained from the flight data and

those measured in the laboratory prior to flight.

193
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An assessment is made of the flight method of

determining the radiation characteristics of
surfaces.

SYMBOLS

A area of sensor surface, ft _
c specific heat of sensor disk, Btu/lb-°F
H,t reflected solar radiation from earth incident on

sensor surface, avera_,e for one revohltiOll of

satellite:d)out its axis, Btu/hr-ft 2

H, radi'tllt energy vmilted I)y earth incident, on

.,'ensor si_rface, aver,'tg_" for one revo],4tJon of

satellite at)out its axis, Bt, u/hr-ft 2

H_ direct solar radiation incident on sensor snrface,

uverage for one revolution of satellite about

its "ixis, taken as 442,/_r BtuJhr-ft 2

K heltt-exchange collstallt for sensor IllOilllt,,

Btu/hr -° t0

QL heat-exchange r'ite between sensor disk and

mounting cup, Btu/hr

T temperature of sensor disk, °R

T b temperature of base plate, °lt (assumed to be

same as m(mnting-c_lp temperature)

W weight of sensor disk, lb

"a 'dbedo-radi'ttion absorplance of sensor surface

¢'e earlh-radialion absorpt,anee of seltsor surface

a_ solar-rqdiation a})sorptai:ce of sel}sor surface

e enlittance of sensor surfac(!

O lime, hr

a St(,fan-Boltzm,tnn conslant, 0.173 X 10 _ Btu/

hr-ft=-° ]l*

DESCRIPTION OF MEASURING TECHNIQUE

Experimental Requirements

To assure over-all reliability un(l accuracy

in the technique for determining the radiation
characteristics of tile test surfaces, the follow-

ing requirements were set forth at tile outset

of the experiment:

1. thermally iolated test surfaces
Thermal isolation minimizes corrections

which must be applied to the data as a

result of unwanted heat exchanges.
2. thermal mass of test sensors tailored to

heating enviromnent

The sensors must be rapidly responsive

yet have high enough thermal lag to per-

mit measurement of the rate of tempera-

ture change as the satellite moves into
the earth's shadow.

3. stable reference surface

A surface with stable radiation character-

istics under exposure to the space environ-
ment provides a basis for detecting any

changes in the test surfaces.

4. continuous in-flight calibration of tem-

perature-measuring system

In-ttight calibration permits accurate

measurement regardless of drift in the

clcctroni(' equipment of the measuring

system.

5. sensitive telemetry and temperature-

llleasllrillg systems

A sensitive system is the final requirement

for ,c(.uracv in the tenlperature measure-
IIll'lllS.

Radiation-Sensor Design

In accordance with the first requirement, the

sensors were designed to minimize extraneous
heat losses fron_ the test surfaces. Each surface

is 1 inch in ,tia,_eter, and was placed in a mount-

ing cup, as illustrated in figure 20-I. The
surfaces were mounted on three small Kel-F

supports to minimize the conduction path. Ra-

diant boa t losses t,o the mounting cup were mini-

mized by the use of four radiation shields. All
interior surf Lees were polished and were coated

with gohl to further reduce the radiant exchange.

Surface temperature is measured by means of
a thermistor sohtered to the underside of the

test disk.

The radiation sensors were arranged in a

('ir('ulm' ('luster, with the reference surface in

the e(mler, :is shown in figures 20-2 and 20-3.
The design of the reference surface is indicated

in tigure 20 2. The surface is composed of

razor Idadea stacked together to form a large

numlwr of notches which cause multiple

refh,(.tious and eventual absorption of most of

the incident radiation. As a result, the refer-

cn('e surface is essentially a blackbody. Be-

cause of the large number of reflections, any

change in the emittance of the individual sur-

KE,-_supPoRt TESTS_RFACEON

/' POLISHED RADIATION
THERMISTOR FOR SHIELDS

TEMPERATURE MEASUREMENT

t:I(;_faE 20-1.--Test surfaces.
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FIGURE 20-2.--Mounting of radiation sensors.

faces in the notches will have only a very small

effect on the over-all emittance or absorptance

of the reference surface. To pi_rmit correction

for heat exchanges between the test surfaces

and the sensor mounting cups, the tetnperature

of the base plate is measured with a thermistor.

Since the cups are in intimate thermal contact

with the base plate, it is assumed the cups are
at M1 times at, base-plate temperature.

Temperature-Measuring System

In the measurement of sensor-surface tem-

perature, the thermistors are switched sequen-

tially into a resistance-controlledoscillator,

which modulates the frequency of the sate]lit.e

transmitter. Tile switching is performed by
means of a solid-state switch. Tim entire

electronic, package, including the switch, a

voltage regulator, and the resistance-controlled

FIGURE 20-3.--Radiation sensor-plate assembly and
electronic package.

_'o _b ,_o ,_o 26o 2_o
TEMPERATURE, °F

FIGURE 20-4.--Typical calibration curve: surface 7,
razor-blade reference.

oscillator, is shown in figure 20-3. Details of

electronic circuitry for the temperature-meas-

uring system are given in the appendix.
A typical calibration of the subcarrier fre-

quency as a function of sensor temperature for

one of the sensors is shown in figure 20-4.

The attenuation of sensitivity at. the low and

high temperature extremes is caused by limiting

resistors in the circuit. The purpose of the

limiting resistors is to restrict the frequency
range of the resistant.e-controlled oscillator to

prevent, interference with other telemetry

channels in the event of a short or open circuit

in the thermistor wiring.
The thermistor resistances were tailored to

provide maximum sensitivity in the range of

maximum expected surface temperature for
each sensor.

Sensor Heat-Loss Measurements

To i)rovide a basis for correcting the surface-

temperature measurements for heat exchange
between tile surface and mounting cup, nteas-
urements were made of the heat-loss character-

istics of a number of the sensor asse,nblies.

These tests were performed in a s,nall vacuum
chamber. Measurements were made of the

heating rate required to maintain various

temperature differences between surface and

cup for two cup temperatures. Reduction of

the beat-exchange data showed that the rate

of heat loss or gain can be expressed as follows:

Q_=K(T 4- T_4) (1)

in which the average value of K for nine
assemblies wus found to be 1.03X10 -_2

Btu/hr-°lP.
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Description of S-16 Satellite

The S 16 Satellite ell whic}_ the experiment

was installed is shown in figure 20-5. The

Measurement' of Thermal Radiation Properties of Solids

tion, ti_e sensors alternately look at, the sun and
the earth us the wheel rotates. Tile rotational

speed is :_(} rpm, which is sufficiently high that

the sensor temperatures do not vary as the
wheel rotates.

The satellite was launched into an orbit about

350 statutq" miles above the earth. The orbit

is inelined about 33 ° with respect to the equator,

as illustrated in figure 20-7. The orhital

period is 96.15 minutes.

Fmua_ 20-5.--S-16 Orbiting Solar Observatory on

which emissivity stability experiment was installed.

satellite has two main parts: a lower section,

consisting of a nine-sided wheel, which rotates

to provide gyroscopic stabilization, and a

stabilized semicircular upper section aimed at

the sun, containing the experimental equipment

for spectroscopic studies of the solar radiation

in the short wavelength regime. The stabilized

section, or sail, contains solar cells for the

electrical generation of power to operate the

experimental equipment and the satellite sys-

tems. A number of the experiments, including
the radiation-sensor plate, are located in the

rotating wheel of the satellite. The radiation-

sensor plate was inounte<l on the riln of the

wheel, us shown in figure 20-6. In this loea-

FI(;URE 20-6.--Location of sen_or plate for emissivity

stabi[ity experiment.

l"](;i t¢_: 20-7,--()rbit of S-I 6 satellite.

Data Acquisition

Information from all the experiments on the

,%-16 satellite except the emissivity stability

experiment was accumulated during 90 of the
95 ininulcs of the satellite orbit. These (lattt

were stor_d on a magnetic-tape recorder on the

satellite, which was eonunan(te(l to play I)_tck

at the eml of the 90-minute period of data

ac(tuisitim_. The command signal was initiated
from ont, of live Minitrack stations located in

the north-south picket line along the east coast
of the North American continent and the west

coast of the South American continent. '['he

command stations include Fort. Myers, Florida;

Quito, Eeua.(lor; Lima, Peru; Antofagasla,

Chile; _md _amiago, Chile. Data from the

emittanc(, experiment were not accumulated on

the t_q)e recorder, but came into the satellite

transmitter directly in real time when the
transmitter was commanded from the ground

stations. This system permitted reeeipt of
about 5 minutes of data for each orbit of the

satellite. For a complete picture of the temper-

ature history of the sensors, it was necessary,

then, to piece together segments of data from a
numt/er of successive orbits.
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TABLE 20--I.---Test Surfaces

Sur face

1. Ti(h in epoxy_ ....

'2. Ti()_ in silicone_ .....

3. White corot,lain enamel

Solar absorptance, a,

Flight
surface J

0. 28

• 27

.31 j

Surface ernlttanee,

Spare surface
Flight

surface

(_) (_)

0. 23 0. 24 0. ,_(i

• 27 .3O • 76

• 29 .29 . 75

4. Ahlrninunl powder in

silicon('.

5. AI-Si()-Ge __ .39 _

24

37

46

99

gpare surfaeg a

(-)

0. $6

• 74

• 76

t Flight

surface ,qouree

(_)

_ 0_0 .,,mcs l{,_s(,arcll (h.nt(,r

• 73 [ . 36 [ Marshall Spacp Flii_ht
i

/ Center

77 .41 ] F(_rro Corporation through

[ Mqrshad Space Flight

26

15

_ 21

• 92

2. 60

2. _tt

l. 07

(_t,ntur

(;oddard Space Flight

(_enter

AEl{ l) L through Goddard
Space Flight Center

AERI)L through Goddard
Space Flight Center

Ames I{esearch Center

Measured in November 1960 by LMSC.

Measured in June 1962 by LMSC.

, Composition of surface 5: layered construction; stainless-steel sub-

strate, followed by opaque aluminum, l.l ,u SIO, ll0 )t Ge (top layer).

Composition of surface 6: layered construction; stainless-steel sub-

TEST SURFACES

The Emissivity Stability Experiment is a

joint effort of several agencies to measure the

stability of typical temperature-control surfaces.

A tabulation of the surfaces selected for testing,
their radiative characteristics, and the agencies

which provided them is presented in table 20-I.

The first three surfaces listed are typical of low-

temperature surfaces with low solar absorptance
and high heat rejection. The fourth surface

has an absorptance-to-emittance ratio of about

one, with both absorptance anti emitt ance being

low, to minimize temperature excursions of a

vehicle utilizing this coating as the vehicle

passes alternately from sunlight to shadow.

Surfaces 5 and 6 were of layered constnmtion,

as describe([ in table 20-I. This system was

devised by Dr. (ieorg lfass of the Arnly Engi-

neer Research and Developrllent Laboratory,
Fort Belvoir, (AERDL) to test the erosion rate

of silicon nionoxide films. It is expected that

the thin germanium layer on surface 5 would be

removed by erosion, c'ausing a large decrease in

a,, and a corresponding drop in the surface tenl-

perature. Subsequently, tile top silicon nlonox-

ide fihn on surface 6 wouhl be removed, followed

by the underlayer of germanium, causing a
similar decrease in surface teniperature. The

strate, followed by opaque aluminum, 1.1 # SiO, 200 A tie, 500 o SiO

(top layer).

• Measured values for spare razor-blade reference surfaces are for two

different units•

difference in time between the drop in tenlper-
ature of surface 5 and that of surface 6 wouhl

t)rovide an indication of the lifetime of the
o •

500-A-thick silicon monoxide film.

With the exception of specimens 5 anti 6,

absorptance and emittance of the tlight sur-

faces were measured by Lockheed Missiles and

Space Company in Palo Alto, California

(LMSC). Absorptance values were determined
from reflectance measurenlents in an inte-

grating sphere over the wavelength range
from 0.31 to l.Sp, and emittances were ob-
tained with a hohlraum reilectometer over

wavelengths front 2 to 22g. Values of al)-

sorptance and enfittance of flight surfaces 5 and

6 were obtained by AERI)I_, using a similar

technique. Also in('ludcd in this table

for comparison are measurements of the

absorptance and emit tancc of the spare sensors

at two widely separated times (approximately

l i_ years apart,)• All measurements of the

spare sensors were made with basically the
same equipment as before by tlle LMSC.

The purpose of these measurements was 1o
determine whether there had been any signifi-

cant, shift in the t hcrlnal properties of the

surfaces as a result of the extended time period.
The table indicates that the radation charac-
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teristies remained essentially constant through-

out this time, although lhc absorptance of

surface 2 apparently increased about 10%.
No measurements were made of the actual

flight disks for surfaces 4 and 7. It is assumed

that the values obtained for the spare units
apply to the flight surfaces.

RESULTS OF FLIGHT MEASUREMENTS AND
ANALYSIS OF DATA

Heating Environment of Test Surfaces

Before the results of the fli_'ht measurements
are presented, it wouhl be well to consider the

heating environment of tiw test surfaces as

the satellite rotates around the earth. The

surfaces receive heat primarily from three
sources: direct solar radiation, relleete(l solar"

radiation from the carlh, anti direct radiation

from the earth. In addition, a small amount

of energy is exchanged between the back of

the surface and the mounting (,tip. The
equation depicting the heat balance of the test

surfaces in this radiation environment is givcn
as follows:

--a.AT':i-Wc d_'+Ki7'4--T¢) (2)
de

The terms on the left side of the equation

represent the three primary heat inputs. The

first term on the right side represents the heat
emitted from the surface. The next term

represents the heat stored in the sensor, and

the third term, the heat exchanged t)etween

the back of tim surface and the mounting cup,

In the subsequent amdysis, the value of

all)eric-radiation absorl)tance of the sensor, a_,
was assumed c(tual to the value of solar-radia-

tion absorptant.e. _,. l,ikewise, the value of

earth-radiation alisorptance, a,, was taken equal
to the value of surface emittanee, t. Accord-

ingly expressions used in the remainder of the

paper will contain only the solar absorptanee,

as, and the surface emittance, e.

Enerlzy frol_ dh'ect solar ra(iiation is constant

during the time that the satellite is in the sun.

Heating from the refh,ctett sunlight, however,

varies with satellite position and aspect. This

is, perhaps, the most uncertahi of the heating

input terms, since the albedo varies with gee-

graphical posilion, cloud cover, and type of

terrain be,ealh the satellite. According to

Ileller (ref. I), values between 24 and 545:{, of
the inci(lent solar radiation have been used for

the albedo ternl in temperature considerations.

The value of earth, or planetaw, radiation is
another v,riat)le, although the variations are

not believed to be as great as for tile alt)edo

energy (r,,f. :_). The basic problem, then, in

obtaining _, and e from the above equation is
to ot)tain correct vahles of H,, tI_, and H, to I)c

used will, 1he ,,_easured flight temperatures.

Measured Temperature Histories

The tellll)(q'atm'e histories for each of the

sensors, as derived from the telemetry records,

are show_l i_ tigurc 20-8. Also included for

compacisot_ are calculated sensor-temperature
variations. The method of calculation is de-

scribed in a later section. The temperature

I_leasuret,,mts shown were obtained during only

l.he first S() orbits of the s._tellite, which repre-

sents about the first five days of the satellite
life. These initial orbits of the satellite were

analyzed separatdy, so that comparisons could
1)e made between ground measurements aml

those in tlight before any large alnount of surface

degradation had taken place. In the ease of

the two white paints, titanium dioxide in epoxy
and titaniuln dioxide in silicone, however,

eliat/_o_ ill t}te surface properties oceurre<t

within the th'sl few hours of flight.

All the sensors displayed the same characteris-

tic tcl lll)eralure response its the satellite passed

around lhc earth. Each sensor heated up

rapidly as the satellite broke into the sunlight,

untl its lcllll)erttLure reached a peak shortly

nfter _id,[ay. The temperature dropped some-

what as the satellite neared the en<t of its day:

t}wn lho sensor cooled quickly its it l)eca_e

enveloped in the shadow again.

('onccrnh_g the changes mentioned l)re-

viously in tl_(, white paints, the data obtained

for these sllrfaces are shown in tlgures 20-SA

and 2(I st{. The al)l)arent s,.'atter of (lata, for

the I,mst ]mri, is not true scatter, hut, rather,

is cause, I by a progressive increase in tl)e sensor

teinperatut'e-l'esl)ollse curve Its the satellite
lifetime im'reases. The increase is believed to

be due to surface degradation and not to

changes il_ the })eating environment. This is
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FIGURE 20-8.--Measured and calculated temperature histories.

A.--Surface l, titanium dioxide in epoxy.

B. Surface 2, titanium dioxide in silicone.

C. Surface 3, white porcelain enamel.

I).--Surface 4, aluminum powder in silicone.

E. Surface 5, aluminum-silicon monoxide-germanium.

F. Surface 6, aluminum-silicon monoxide-germanium-silicon monoxide.

(;.--Surface 7, razor-blade reference.

H.--Base plate.
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concluded from a study of tile data for the razor-

blade reference surface (fig. 20-8G), which

showed no similar change in its temperature

response over tile same time period. The

aluminum-powder paint and the two germa-

nium-silicon monoxide surfaces (fig. 20-8D.

-8E, and -8F) likewise exhibited repeatable

time-temperature histories, lending further

proof that the environment was unchanging.

The base-plate tenlperature is shown in

figure 20-8tt. The curve shown in this figure
was not calculated, but was faired through the

data to provide a basis for correcting the heat

exchange between the sensor surfaces and the

mounting cups.

Determination of Surface-Radiation Properties

To derive the surface-radiation properties,
a, and e from the flight data, the heat-balance

expression (eq. (2)), was rearranged as follows:

dT
[-7", K +

(a)

This equation prevails only during the sunlit

portion of the orbit.. For analysis of the data,

it is desirable to seleet a position in this part of
the orbit in which each of the terms is known

with precision. The solar-radiation term H,

is constant while the satellite is in the sunlight,
and can be accurately evaluated. The energy

received from the reflected sunlight, however,

which is represented by the term Its, is subject

to diurnal variations, as well as variations due

to satellite orientation. Because of uneertainty

as to the exact value to use for albedo, a position
should be chosen in the orbit for analysis of

data where tile retleeted sunlight is small, and

consequently, tile uncertainty in It_ will not.

greatly influence the result.

Knowledge of the planetary radiation is

considerably more precise, although some wma-

lions do exist in this value (ref. 3). tleating

due to planetary radiation, II,, is nearly

constant throughout tile orbit, and, hence, there

is little choice as to selection of a point to mini-
mize this term. The remainder of the terms

in equation (3) are based on the temperature

measurements, and once again, an orbital

position shouht be rhosen where the values can

be determined most accurately. Such a point

wouht be where the temperatures are relatively
high sin,:e the measuring system is most sensi-

tive in this temperature region. The last term

in the eqtu_t ion involves the rate of temperature

change of the sensor, dT/dO. As is well known,

unless the dala are very good, the accuracy

attendant wilh measuring slopes generally is

not high. Therefore, it is desirable to seleet a

region in the /emperature nleasurenlents where

the slopes aro small.

A position in the orbit which satisfies all of

these require_nents is found in the sunlit region

just before day-night transition. At this point.,

the albedo energy approaches zero because the
satellite does not see any of the sunlit side of

the earth. Also, the sensor temperatures are

near the n_aximum values, and the rate of

temperature change is small. By elimination

of the alt>edo term, Ha, equation (3) can be
rewritten as follows:

°, ° ,,,,+K wcg]; --1_, [_ --T ¢_i-_ (T4--TP)t ,rA, (4)

This expression was used to derive values of a./_

from the flight data. The heating-input terms

for solar heating, ll,, and planetary heating,

H_, were based on geometrical considerations,

as well as the solar constant and the phmetary-
radiation eonst.ant. The work of Mt.shuler (ref.

4) served as the basis for evaluation of H_. In
the derivations, the solar constant was taken as

442 Btu;'hr, _q ft, and the planetary radiation

was assumed to be 73 Btu/hr, sq ft. Because
of the location of the sensors on the rim of the

rotatin_ wheel, the effective solar heating, lI,,

is 1 :Tr limes the solar constant, or 141 Btu/hr-ft 2.

A more compli(.ated geometrical consideration
is involved in the evaluation of lip, due t.o

proximity of the earth. At the day-night tran-
sition, the average integrated value of [Iv was

computed to be 26.9 Btu/hr-ft 2. Values of sur-

face emittmwe, e, in the last. two terms of equa-

tion (4i were obtaflmd as exphtined in tile

following.
'Pile elltitl_tJices of the test surfaces were de-

termined from the measured temperature decay

of tilt' sensor after the (ta.y-night transition.

When tho satellite has passed out of tile sun's

view into the shadow of the earth, there is no

heatin_ hv direct or reflected solar radiation,

and equation (2) can be rearranged and ex-
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q'am, E 20-II.--Comparison of Flight and Ground Aleasureraents of Solar-Radiation Absorptance

(a.,) and Emittance (0 (_ Sensor Surface

Surface

l. "l'i()2 ill epoxy_ .............

2. Ti()2 in silicone ...........

3. White porcelain erlamel .....

4. Aluminum powder in silicone .....

5. AI-Si( }-(h, ...........

6. AI-Si(}-Ge-Si() .........

7. l_azor-l)lade reference .......

Ground Flight

O. 30 O. 27

• 36 . 32

.41 .32

• 92 .96

2. 60 3. 27

2. _9 2. 75

*1. (17 . 97

Ground Flight

O. _6 O. ,_7

• 76 .76

• 75 .75

• 26 . 25

.15 .ll

• IS .17

*. 93 . !)6

• Ground Flight

i 0. 26 0. 24

• 27 . 24

• 31 .2-I

• 24 . 24

I .39 .36
i .52 .47

[ *. 99 .94

*Average for tile two spare reference surfaces.

pressed as equation (5), wtfich gives the surface
emittance.

In this expression, the dominant terms arc the

planetary radiation, Hp, the measured surface

temperature, T, and the rate of temperature
drop of the surface, dT/dO. This last term con-

tributes the greatest uncertainty to the measure
of emittanee.

Once the values of emittance are determined

from solution of equation (5), the corresponding

values of absorptanee, a,, can be determined

from the previously calculate(l results of aJ_
from equation (4).

Comparison of Ground and Flight Measurements

The flight measurements of a ,:_, _, and a_, as

(letermined by the procedure outlined above,

are compared in table 20-II with the earlier
ground measurements.

Comparisons of the ground and flight meas-

urements of a,/, are the most meaningful,
inasmuch as the flight determined values of
affe are more accurate than the measurement of

_, or the subsequent calculation of a,. In gen-

eral, the agreement between ground and flight

measurements of a.,/_ is good. The largest dis-

crepancy ol)taine(l is for surface 5, in which the

flight value of a,,,:_ is about 25_'.._ higher than

that measured in the ground tests. The data

for surface 3 (white porcelain enamel) also show

some (lisagreelnent, with the flight measurement

being about 2()c_ t)elow the ground value.

The flight values of _ agree surprisingly well

with the ground measurements, in view of the

fact that the flight values were derived from

the temperature-decay slopes. The only large

descrepancy between flight and ground meas-
urements of _ is in the value for surface 5. It

appears that this discrepancy is the main con-

tributor to the difference in flight and ground

measurements of affe, since the absorptance

values agree within 10%.

The flight values of a_, which were obtained

by multiplying the measurements of a_/e by _,

also show generally good agreement with the
ground measuremc, nts. The discrepancy noted

previously in a,/e for surface 3 apparently is due

to a difference in the values of absorptanee,

since the ground and flight measurements of
are in perfect agreement.

In comparing the groun(t and flight measure-

ments given in table 20-II, it is well to keep in

mind the basle differences in the two measuring

techniques. The ground values are based on

integrated spectral reflectance measurements,

with certain corrections applied to make up for

areas of incomph%eness in the environmental

considerations. In the flight technique, on the

other hand, the radiation characteristics must

be inferretl from temperature measurements,
while the environmental conditions, of course,

are completely appropriate. The good agree-
ment obtained with the two techniques is

eneourag'ing.
The close itgreenlent t)etween flight and

ground measurenmnts of the radiation charac-

teristics of tim two white paints (surfaces 1 and
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TABLE 20-III.--Summary (_ Probable Errors in f'light J[ea._'urernents and Effect on the Evaluation

Probable error in term

Term in eq, (4)

fly
K

dT/dO

White Coatings

±5 ° F

lsf;
_4_15 ° F/hr

Ahlmintlm powder
and-ref, surf.

3° F

± 15(){:

:k l0 ° F/hr

SiO-(le films

i: 4 ° F

4: 15%

= 20 ° F/hr

Resulting error in ct,,',, e);

White' Ahlminum
I'_)atings powder and SiO-Ge films

ref. Surf.

-1 T 1 -T(I. 5

t3 _ I ±5

I

2), however, may be somewhat fortuitous.

Since changes in the characteristics were taking

place rapidly after start of exposure to the space

environment, the initial values were somewhat

difficult, to establish. Selection of the appro-
priate levee of sensor ten_perature at the point

of day-night transition was guided by knowledge

of the shape of the calculated temperature-

response curve, and the level of maximum

temperature measured during the first orbit.
Thus, additional uncertainty is involved in the

flight measurements for these surfaces.

Estimation of Measurement Errors

The question of accuracy in determining the

flight values of a,/_ was investigatett by evalua-
tion of the probable errors in each of the terms

in equation (4). A sununary of the probable
errors and the resulting effect on evaluation

of a,/_ is given in table 20 HI.

In the table, the surfaces are divided into

three general classes, depending on the ratio of
a,/_, and, hence, on the level of maximum

temperature. Since temperature is the only

term in this table which was actually measured
by telemetry from the satellite, a few words

concerning this nmasurement are in order.

The estimated accuracy of the frequency

bandwidth, as received by the ground stations,

is ± 1 percent. This results in a temperature
measurement accuracy of about -4-3° F.

Coupled with the probable temperature-

calibration errors and with lhe probable data-
reduction errors, the estimated maximum error

in temperature measurenwnt is believed to be

about ±5 ° F. The ph)tted results of the

temperature measurements appear to substan-
tiate this estimate. Since there was no evidence

of systematic error in measurenmnts, t)ut,

rather, vamh)m scatter, it is believed that a

careful fairing of 't curve through the data

would result in an error of only 3 ° or 4 ° F, as
indieate(t in the tat)le.

The largest error in the determination of

a_/_ is caused t)3' uncertainty in the measured
temperature for all surfaces except the ger-
manium-sili('on-monoxide films. In the ('ase

of these films the largest probable error is

caused 1)v possible errors in the ]mat-loss term
K. Since it is not likely that these errors

wouht be cumulative, the maximum probable

error for the white coatings is believed to be

slightly greater than l0 percent and somewhat
less for the other surfaces. Applying these

estimate(t maximum errors to the flight meas-
urettmnts wouht not account for the ditferences

observed t_etwt'en the flight and ground meas-
urements for surfaces 3 and 5, as noted

previously. No attempt will be made here to
resolve these differences.

A similar analysis was made to study the

probable errors in the determination of t.

The surfaces were again divided into three

main groups. The results of the analysis are

given in table 20 IV.
As mentioned previously, uncertainties in

measurin_ the temperature decay, dT/dO, can

lea,l to the greatest error in the determination

of t. The generally good agreement between

ground an,t tlight measurements of t, however,

in(licales that the actual errors are small. In

the ease of surface 5, the probable errors wouhl

have t(, have heen cumulative to make the

tlight value a_ree wilh the ground measure-

meat. This does not seem likely, t)ut no ex-

l)htnation for the (tiscrepancy can be given at

this time.
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TABLE 20-IV.--Summary oJ Probable Errors in Flight 21leasurements and Effect on I_,aluation (_ t

Probable error in term Resnlting error in _,

Term m eq. (5)
Aluminum powder White Ahnninmn

White coatings and reference Sit) Ge films coatings powder and SiO-Ge films
surface reference -

surface [

r/,

llp

K
d T/'dO

_5 ° F

, (;%
15%

-_ 70 ° F/hr

_,_3° F

_._:15%
35° F/hr

±4 ° F

÷ 6%
± 15%

:t: 50° F/hr

+ 3

_ll

3

_: 1

T--7

_5

_0.5

10

Comparison of Measured and Calculated Tem-

perature Histories

Since the flight values of a_ and _ were

obtained from the data at one particular

location in the orbit (i.e., the day-night transi-

tion), it is interesting to compare calculated

curves of the sensor-temperature histories based

on these values with the experimental measure-

ments throughout the entire orbit. The

calculated curves shouht agree fairly well with

the data in the vicinity of the day-night transi-

tion, but agreement throughout the remainder

of the orbit wouhl depend on the correct

selection of values for albedo and planetary
radiation.

Temperature histories were calculated for the

various sensors t>y solving equation (2) for the

entire orbit. The heating-input terms in-

volving albedo and planetary radiation were

obtained from a consideration of the geoinetrical
factors involve(l. The data of reference 4

served as the basis for evaluating these terms

at each orbital position. In these calculations,

the solar constant was taken as 442 Btu/hr-ft _,

the intensity of reflected solar flux was assumed

to be 110 Btu/hr-ft:, and the planetary radiation
was taken as 73 Btu/hr-ft 2. The value of

110 Btu/hr-ft :, for the reflected energy represents

an albedo of 25%, which is somewhat below

the value normally accepted in temperature

calculations.

The sensor-temperature-history calculations

were performed on an IBM 7090 computer.

The longitude, latitude, and altitude position
data for each minute in time of the satellite

orbit, were taken from the Refined World Map,

which is based on satellite tracking data. This

information was fed into the comt)uter program

for calcuhtting the various wdues of heating

input.
Comparisons of the calculated curves with

the measured temperature histories are shown

in figure 20-8 for (tie seven sensors. As ex-

pecte(l, the calculated curves agree reasonably

well with the data (luring the period just before

day-night transition and immediately following

this point. In the remainder of the sunlit part

of the orbit, the calculated curves generally

lie somewhat higher than the measured temper-
atures. Better over-all agreement with the
measurements could be obtained if a lower

value for the albe(to were assumed in the calcu-

lations. However, such an approach couhl not.

be justified without more definitive information

on the intensity an(t angular distrit>ution of the
rettected solar flux. An ad(titional calculation

was performe<l for the razor-blade reference

surface (figure 20 8G), to illustrate the de-
pen(tence of the level of the temperature curve
on the value of the assumed albedo. In this

case, the value chosen was 340-/0, as recom-
mende(I in reference 4. It is seen from this

curve that the albedo has an important in-

fluence insofar as matching the measured tem-

perature history of the sensor is concerned.

During the nighttime part of the orbit, the
calculated temperature curve in all cases

followed the measurements during the initial

part of the temperature decay, but, as the

temperature dropped further, the calculated
curve fell below the measured values. This

disagreement during the latter part of the

nighttime cycle could possibly be due to insensi-

tivity (and the accompanying inaccuracy) of
the temperature-measuring system at the lower

temperatures, <'aused by the frequency-limiting
resistor in the oscillator circuit.
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Assessment of Flight Technique for Determining
Thermal-Radiation Characteristics

Aside from the obvious difficulties invo]ved in

any satellite experiment, the temperature-

measuring technique appears suitable for
deterluining thermal-radiation characteristics

of surfaces. Reasonably accurate measure-

ments can be deduced from the temperature
histories, provided the over-all measurement

accuracy is within a few degrees Fahrenheit.

This method of measurement, of course, produces

values of diffuse solar absorptance, and total
henfispherieal emittance, t)oth of which are

sought in ground-measuring techniques, ttow-
ever, no information on the spectral character-
istics of the surfaces can t)e deduced from the

flight data.

Several items in the measuring technique
could be improved, and several areas of un-

certainty in the assumptions could be crystal-
lized by appropriate auxiliary measurements.

Continuous measurenwnt of the sensor tempera-

ture throughout the orbit, for example, would

eliminate the problem of attempting to piece

together short segments of the temperature

history to reconstruct the entire sensor-temper,_-

lure-response curve. This is especially impor-
tant when the surface characteristics are

changing with time. Reducing the mass of the

sensom to make them more responsive would

improve the accuracy in determining age from
the temperature measurements. More accurate

knowledge of the earth albedo and planetary
radiation would reduce some of the uncertain-

ties imvolved in this technique.

]t is interesting to investigate how improve-

ments in the tenlperature-measuring system, in

the sensor design, and in knowledge of the

planetary radiation could leaxt to more accurate
measurements of age and e. The relative con-
tribution to the measurement of radiation

properties of each of the terms in equations (4)
and (5) was computed. As before, the surfaces

were divided into three main groups, depending
on the a_:t ratio. Table 20-V shows the

percentage contribution to the determination

of age of each of the four terms of equation (4).

As would be expected, the surface tempera-

ture contributes the greatest percentage to the

value of a_/e for all three types of surface. This

stresses the need for accurate temperature

measurement. For the white coating, planet-

ary radiation contributes a large percentage, and

the importance of accurate knowledge of this
value is obvious.

The heat loss term is relatively small for the

white coatin_zs and the aluminum-powder and

reference surfaces. However, because of the

high surface temperatures involved, the heat-

loss term for the silicon-monoxide-germanium

fihns Iw.comes quite large. It is apparent that

the heat-loss term could be reduced by better

thermal isolation or by designing the equip-

ment so that the base temperature would op-

erate closer to the surface termperature.

In all cases, the transient ]mat-storage term

was suiliciently small to be of little concern.

A break(h_wn of the items contributing to the

value of _ sho_s a similar heavy dependence

on the temperature measurement for all three

types of sm'face, as indicated in table 20-VI.

The pl,metary radiation also contributes a

large percentage to the measurelnent of
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TattLE 20-VI.--Percentage Contribution to Value of _ ,_fade by Temperature, Planetary Radiation,
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for tile white coatings. Tile heat-loss term once

again is large for tim silicon-monoxide-ger-

manium films, as would be expected. The

heat-storage term is a major contributor to the
measurement of e. This illustrates the need

for accurate determination of the rate of tem-

perature decay. It should be noted that

equation (5)consists of two groups of terms

multiplied together and hence the sum of the

terms in each group must equal 100%. Since

there are two groups, the total contribution

amounts to 200% for each coating category.

In summary, accurate measurement of the

thermal-radiation properties of surfaces by the

temperature-measuring technique requires pre-

cise measurement of the surface temperature

history, good thermal isolation, and accurate

knowledge of the amount of planetary radiation.

CONCLUSIONS

An analysis was made of the surface-tem-
perature nleasurements of a number of test
surfa_s on a satellite to obtain the thermal-

radiation characteristics of various coatings.

The results were compared with laboratory

measurements based on reflectance techniques,

and the values of absorptance and emittance

on an over-all average basis differed by less

than 10°-/v. It is concluded that the tempera-

lure-measuring technique affords a reliable

means for deriving the thermal-radiation charac-

teristics, provided the temperature mcasure-

ments are reasonably accurate.

APPENDIX--DETAILS OF TEMPERATURE-MEASURING CIRCUITRY

The thermistor resistances control the out-

put of a subcarrier oscillator which modulates

the satellite transmitter during telemetry of the

sensor temperatures. To conserve telemetry

channels, all temperatures are transmitted on

one frequency channel by means of a solid-
st_tte commutator switch. The switch con-

tains ten points, seven of these points are for the

thermistors measuring tile temperatures of the

test surfaces, and one is for the thermistor

measuring the base temperature of the sensor
mounts for heat-balance correction. The re-

maining two points are for standard calibrating

resistors representing two levels of thermistor

temperature.
In addition to the subcarrier resistance-

controlled oscillator and the commutator switch,

the electronic equipment also contains a voltage

regulator which provides a stable voltage source
for the oscillator and the switch. A block

diagram of the electronic unit is given in figure

20-9, and the circuit diagram is presented in

_RING CIRCUITS _ OUTPUT

1

' I1"I I-BLACK BODY

I =, /'-BASE TEMP

]r "
IS VOLTS

Fi(]uaE 20-9.--Block diagram of emissivity experiment.
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FIGURE 20-10.--Circuit diagram of electronic package.

figure 20-10. Operation of the various com-

ponents will be described.

10-CHANNEL COMMUTATOR SWITCH

The output of the subcarrier oscillator is

controlled by ten flip-flops arranged in a ring

circuit. When a flip-flop is oil, an impedance

containing the thermistor resistance is switched

into the controlling position of the subcarrier

oscillator, causing a change in frequency. The

first flip-flop in the ring is controlled by a di-

vider. Each subsequent flip-flop is controlled

by a clock. The divider initiates the ring ac-

tion by turning on the first flip-flop. The

clock applies an "off" pulse to all the flip-flops,

and due to the inherent time delay involved

in turning off the flip-flop, the action of the

flip-flop being turned off causes the succeeding

flip-flop to be turned on. This action is re-

peated until all ten of the flip-flops have come

on and have I)een turned off" in(lividually in a

prearranged order. The time taken for the

complete cycle, about 7 seconds, is controlled t)y

the ('lock and the divider. A typical flight rec-

ord, processed from the Minitrack magnetic

tape an(l showing thc operation of the 10-

channel switch, is fivure 20--11.

CLOCK

The clock is an astuble multivibrator with a

pcrio(| of }._ se('ond. Dissimilar transistors arc
used so that the transistors are either |)oth on

or both off'. This scheme was used to conserve

power in the other circuits that were not sym-

FI(;t:]¢_: 2()--t l. -T 3 pical flight record showing operation

of 10-channel solid-state switch.

metrical (i.e., divider and ring circuits). The

oulput of' the clock is differentiated and clipped,

leaving only a negative spike. These spikes

are applied to all rb_g circuits and to the divider.

DIVIDER

'l']m divider is a triggered astable multivi-

brator wit h a nonsym,netrical period of approx-

im,_tely 2(i 1o 1. The long portion of the cycle

and "off" perio(I of the transistors is controlled

by an R(' _lischarge that is interrupted l) 3,

negative clock spikes. The twentieth inter-

ruption ,lischar_es tile II(' circuit to zero,
(:ausin_' the divider to flip. The short "on"

period of the divider is (lifferentiated and clipped

to give a positive sl)ike which is fed only to the
No. 1 rinu' circuit. This spike initiates the

('otmtdown of lhe ring circuit.
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RING CIRCUITS AND SWITCHES

The bistable ring circuits consume power

only when they are oi, because of tile use of
dissimilar transistors. These circuits are

switched on by a positive spike, and they are

turned off by tile negative spike coming from

the clock. The ring circuit is actually a broken

ring, having the No. 1 circuit turne(l on 1)y the

divider. As the No. 1 circuit is turned off, it
turns on the No. 2 circuit: and so forth around

the ring. The switching circuit uses two (li-

odes to give a very high open-circuit resistance.

In other respects, it is st atMard and is closed

when the corresponding ring circuit is con-

ducting. One side of each of the switches is
tied to a common lead at the subcarrier oscil-

lator, and the other terminals are connected

to the sensing thermistors.

RESISTANCE-CONTROLLED OSCILLATOR

The resistance-controlled oscillator is a stand-

ard, direct-coupled astable nmltivibrator that

operates well into the saturated mode. Band-

limiting resistors are used so that resistances
of zero to infinity will give a corresponding

207

shift in the center frequency of 2.3 kc + 7h/%.
The output of the oscillator is fed to active and

passive filters, which reduce the total harmonic

distortion to less than 1%. Some amplitude
nio(lulation is present because of the narrow

band of the filters. Itowever, this is less than
5c_c, and is removed in the receiver. The

oscillator is stal)le to less than __3_0 over a

temperature range of --10 ° (' to +70 ° ('.
Since two standard resistors are switched in for

calibration, any shift in the oscillator frequency

can be accounted for. The oscillator output
is fed directly to the transmitter with a modu-
lation index of I.

VOLTAGE REGULATOR

The regulator operates from the slttellite 18-

volt supply, and provides an output of 8.6

volts regulated to within ±0.1% for a shift of

±2 volts in the supply. The regulated volt-

age is constant over a temperature range of

--10 ° (! to +70 ° ('. The power consumption

of the regulator is 40 milliwatts during normal

operation.
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DISCUSSION

I,EONA RD EISNER, Barnes Engineering Co. : Table 2(_I1

shows reasonable agreement between ground and flight

values of a,/e, except for surfaces 3 and 5. In the latter

case, could there haw, been a temperature eff(,ct in-

volved; e.g., a change in the emissivity or in the wave-

length cut off of the germanium film associated with a

tenll)eraturc difference of the sample between the

ground and flight data?

NnEL: A more likely reason for the discrepancy is the

angular dependence of the spectral properties of the

film.





21--A SIMPLE PHOTOMETER WITH WIDE

DYNAMIC RANGE
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A multiplier-type phototube is operated in a constant-anode-current mode with the
dynodes supplied with line voltage pulses through a high-voltage control tube. Circuits are
given for both half-wave and full-wave operation. A dual-beam system is described for the
full-wave circuit, using an optical-beam switch synchronized with the line voltage. A
non-linear attenuator corrects the photometer output to give a linear variation with optical
density. Beam sorting is accomplished with transistor switches, and a cathode follower
provides a low-impedance output. This photometer is shown to have a linear range of
greater than 6 logarithmic decades, and a peak-to-peak noise equivalent to an optical-density
change of 0.002 at a response time of 0.3 sec for full scale. The performance of the photom-
eter is illustrated with a measurement of the spectral absorption of a piece of wood 1.5-cm
thick and a measurement of the sideband rejection of interference filters.

Aborption spectroscopy of highly pigmented

and dense light-scattering samples require a

photometer of wide dynamic range. Density

differences of 4 logarithmic decades or more

between regions of high and low absorption

are quite common for intact biological tissues.
Previous work (ref. 1) has shown the advantage

of the multiplier-type phototube in a constant-

anode-current mode for this type of measure-

ment. Operating in this mode, the dynode

accelerating voltage is normally supplied from

a high-voltage d-c supply. This supply need

not be regulated, but low ripple is required to

obtain low signal noise at high response speed.

Batteries can be used, but the current drain is

such that a bulky battery pack is required.

Tile high-voltage supply is the main source of

failures in this type of circuit so a photometer

was developed to operate without the d-c

supply.

DESIGN

The constant-anode-current circuit functions

equally well on pulsed d-c for the accelerating
voltage. The voltage pulses can he provided

by a high-voltage transformer, making a simple

photometer possible. In its simplest form the

photometer consists of a high-voltage trans-

former, a high-voltage control tube,- a multiplier

! 3KV

5 MA

30 V
7235

TO

VOLTMETER

F[_UP.E 21-1.--Constant-anode-current circuit, using
pulsed voltage on the dynodes.

phototube with associated resistors and a low-

sensitivity voltmeter. This circuit, as shown

in figure 21-1, gives output pulses which vary

from 100 volts at high light level to as high as

2000 volts at dark. The output voltage

varies exponentially with the reciprocal of the

light flux, and a range of greater than seven

logarithmic decades is easily obtained with

many phototubes. The control tube serves a
dual function in this circuit. It controls the

magnitude of the voltage pulse to the phototube

to keep the anode current constant, and it

209



210

:5KV
5 MA

•4- 130 V

39 K

@
i

6842

I:[¢;VUE21 2.

Measurement of Thermal Radiation Properties of Solids

I
J = =

I

H---=

H----; TO

_ VOLTMETER

I
I

_I_ CN

i II .5M I

!@, ,2:
30V 1

Improved circuit, using tield-effe('l tra_-i_l,w a:, hnl)ed'uwe converter.

serves as _ rectifier to 1)lock the reverse cycle

of the line voltage. The zener diode provides

the positive voltage for the anode of the

phototube.
Grid current of the control tube limits the

minimum value for the anode current to about

015 _ amp. The maximum accelerating voltage

is limited by the arc-over voltage of the photo-

tube. An isolation stage between the photo-

tube and the control tube can reduce the grid

current ]imitation and extend the range. A

wwuum tube can be used ['or this isolation stage,

but a fiehl-elrect transistor offers an advantage.

The transistor can 1)e mounted at the phototube

socket, minimizing capacitive loading, without
adding appreciable heat load. The C61I

transistor permits operation at an anode current

as low as 0.01 u amp. The improved circuit,

as shown in figure 2l 2, incorporates the mm-

sistor and uses a high-voltage tetrode as tim
control tube. This circuit tends to oscillate

under certain conditions, but this can be con-

trolled t)y a small neutralizing capacitor

(C. _- lO#,uf) between the anode and ground.
Operating the multiplier-phototube with vof

tage l)ulses at the line frequency introduces

limitations on the frequency of the light source.

On the ()tit(,[' hand, the frequency selectivity

of the photometer can be used to advantage

by chopping the light source with a ehopper

synchro]dzed to the line frequency. This is

particularly useful in double-beam systems in
which the tV',ro beams are altertmte(l at 30

timesper se('on<t. Altertmte photometer-output

pulses then represent the separate beams.

These output pulses can be sorted with a

synchronous switch to charge two capacitors.

The volt<.z,'e <lifference between these lwo

('apat'itors represents the differenee in light

intensity 1)et_veen the two beams. Sin('e the

outpu! pulses vary approximately as the log-

arithm .f lhe li_Jlt level, the voltage difference

between _he ealm('itors varies nearly linearly

with the dilI'eren('c in density I)etween the two

light si_mtls.

The use of a center-tapped high-voltage

transforll.q' _tnd lwo control tubes provides a

photometer which utilizes both the positive

and negative swings of the line voltage (fig

21-3). This full-wave circuit is very eonven-

lent for us(, in double-|)eam systems where the

light tw:mls are altermtte(l at 60 times per
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second. One of the light heams is synchronized

with the positive litre pulses and the other with

tire negative line pulses.
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CHANGE IN O4DTICAL DENSITY

FIOVRE 21-4.--Voltage vs. light-level change for
circuit of figure 21-3 using 6911 (S1) phototubc.

The relationship I)etween the phototube volt-

age and light level for the full-wave circuit is

shown in figure 21-4 f(w a Du Mont 6911 photo-

tube (S-1 photosurface). The light level is ex-

pressed as the change in optical density from an

arhitrary zero level of app]_)ximately 1_(1() -'_

watts. (()ptical <tensity =-- log 10 Ir_,,'I, where L,

is the initial intensity and I is the reduced light

intensity.) The maximum voltage is limite<l by

the dark current to slightly less than l_q00 volts

for this tube at a constant anode current of 0.03

amp. Over a limited region the relationship

I)etween phototube voltage and change in opti-

cal density is sufficiently linear for many appli-

cations without any further corrections. When

line(led, an attenualor of adjustable linearity

(fig. 21-5) is used. This attenuator with se-

lected zener diodes provides an output voltage

which can be adjusted to be linear with change

in optical density over a range of at least six

decades (fig. 21-6).

The pulse sorting for the full-wave photom-

eter is accomplished with transistor switches

triggered by line-voltage pulses using the cir-

cuit of figure 21-7. The field-effect transistors

are biased to the non-conducting state by the
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FI(:trRF_ 21 5.--Non-lin_'ar attenuator.

negative d-c supply regulated to 36 volts by a
zener diode. Positive line voltage swings cause

one transistor to be turned on, and negative

swings cause the other transistor to be turned
on. During the on periods the capacitors are

charged to the phototube w)ltage pulse as ob-

tained from the nonlinear attenuator during

that period of the cycle. This arrangement re-

quires careful synchronization of three compo-

nents; the pulse-sorting circuit, the phototube

voltage, and optical-beam switch. The pulse-

sorting circuit, and the photometer are con-

nected to a comnaon supply, so no additional

synchronization is required between these two.
The most convenient optical-beam switch is a

3600-rpm synchronous motor driving a filter

25
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by trial and error to give the proper synchroni-

zation with the photometer and pulse sorter.

Once this synchronization is established no fur-

tiler adjustment is required. A motor which

always locks into synchronization at the same

phase position of the line voltage is required.
The difference in voltage appearing across the

two capacitors of the pulse-sorting circuit repre-

sents the difference in optical density between

the two beams of light striking the phototube.

This voltage difference is coupled tllrough hal-
anted cathode followers to an electronic re-

corder of variable sensitivity and response
speed. An isolated, variable d-c voltage is

introduced in series with the difference voltage

to provide a zero offset.

PERFORMANCE

The full-wave photometer h_s been tested

with a Du Mont 6911 and an EMI 9558 photo-

tube. It should work equally well with other
multiplier-type phototuhes. All the results

given in this paper were obtained with a 6911

phototube selected for low equivalent anode-

dark-current. The 9558 has a lower equivalent

anode-dark-current, giving a greater density

range.

The dynamic range of the photometer is

demonstrated in figure 21-8, which shows an

oscilloscope trace of the photometer output

i

r A]^

/rI

\

J

FI(:URE 21-8.--Photometer-output voltage. The cen-

ter trac(_ was obtained with two light beams differing

t)y an optical (h_nsity of 2.0. The larg,,r trac_ was

obtained with two light beams differing by an

optical density of 6.0. The bottom trace is from the

line voltage.

pulses. The central trace shows the voltage

obtained when the two beams differ by an

optical density of 2.0. The other trace is for

two beams differing by an optical density of 6.0

indicating a dynamic range of greater t]mn 6.0.

The output noise of the photometer was re-
corded for 3 minutes at two different, response

speeds (fig. 21-9). The peak-to-peak noise is

less than ±0.001 at maximum response speed

and less than ±0.002 at a response of 5 sec for

full-scale travel. Figure 21-10 shows the re-

sponse to a sudden change in density level at

both response speeds. The response of the
photometer is faster than that of the recorder,

as shown by the response measured with the

oscilloscope (fig. 21-11). The photometer gives

a full-scale swing in less than 0.1 sec.

Fatigue effects are observed when the light
level is changed more than 7 decades. How-

ever, the recovery is sufficiently fast that a

dynamic range of more than t0 decades was

measured, allowing 100 sec for recovery from

the maximum light intensity.

The drift of the photometer operating as a

dual-beam instrument is less than that equiva-

lent to an optical density change of ±0.005 per

hour. Drift is not likely to be caused by the

photometer itself, but by the cathode followers

or the zero-offset voltage.

APPLICATIONS

Each of the three versions of this photometer

has been used in operating instruments for

several months, giving trouble-free performance.

The first two circuits arc in use on rotating
filter-wheel instruments in which two inter-

ference filters, rotating at 1800 rpm, serve as

fixed wavelength monochromators. The third

circuit is used in a double-beam spectrophotom-

eter of the type described by Chance (ref. 2)

where two grating monochromators provide

separate monochromatic beams. Our spectro-

photometer provides for wavelength scanning

and recording of absorption differences as dis-

tinguished from the point-by-point measure-
ment of the Chance instrument. The wide

dynamic range of the full-wave photometer is

used to advantage in this spectrophotometer,

permitting spectral absorption measurements of

dense, light-scattering samples normally con-
sidered to be opaque. The spectral absorption
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5.0-second respons('. 'AOD=changein _)ptie,d d(,nsity.

curves of 1.5-cm thick pieces of wood in the

700- to 1000-m_ region are examples (fig. 21-

12). Curve A, obtained in a region containing

a knot, shows an absorl),]we greater than 4 for

wavelengths below 700 m#, but an absorbance

of only 2 in the SS()-m# region. Well-defined

absorl)tion bands are apparent at 920 m# and
1000 m#. Both of these bands are undoubtedly

overtones of infrared absorption bands. Curve

B shows a greater absorbance for the same

pieee of _ood in a region free from knots. The

presence or the oil in the knot decreased the

scatter loss for ('urve A, giving lower absorb-

an('e. This _l)ectropholometer is now being

used to sl u(ly pigment changes in a wide range

of biological tissues.
The nlensurement of the spectral properties

of' filters is another application where the wide-

range l)l,)t,)meter (,an be used to a(twmtage.
The characteristics of three interference filters

D -I0

I l I I I I i
i 2 3 4 5 s 7

TIME -- SECONDS

FmurtE 21-10. SIX,,,d of response with recorder:
curve A at maximum response speed, curve B at
5.0-second response. AOD=change in optical den-
sity.

I1 sr

Fmvar_ 21 II.- Photometer r(,._pons(, speed with

o_cillc, SCOlX_. Sw(,ep speed= 10 cm/sec.
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as shown in figure 21-13 show that filter A has

much nlore of a spike-type transmission band
than filters B and C but it. _tlso t_as a long-

wavelength transmission band. Filter C has a
wider bandwi(Ith and lower transmission at its

peak wavelength, but it has a much greater

side-hand rejection. Tile sidehand rejection of

filter C is even greater than shown here. Stray

light from the monochromator limits the maxi-
mum absorbance.

LU
0
Z
<[

n_
0

m

sl

4

3

2 A
'_-- - _ E-

I, I I _ l

700 800 900 I000

FIC,URE 21 12.- -Sp(*(.tral ahsorption of wood. Curve

A is 1.5-cm thit'k picc_, of woo(t (!onlainillg a kl}o_..

Curv(, B from tht, sam[, l)i(,cc of wood iI_ a regioll

without a knot. Curve C, displac(,d from z[,ro, in

t h_ sp(,ctral r(_st)onse of the sp(_ctrophotom(,ter with

z_o sample ; half-batldwidth--:_0 mu.

600 700 800 900 I000

X-rap

I'_I_:I:RE 21-]3.--Spcctral response of interference

filters. Curv_,_ A, B, and C ar_, from different types

of int(.rf(,retlc(_ filh,rs. Curve 1) is the spectral

r_,._po._,-(, of th_ spectrophotom(*ter ; half-I)al_dwidth---

6.7 m_
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22mEMISSOMETER, A DEVICE FOR MEASURING

TOTAL HEMISPHERICAL EMITTANCE

BY R. SADLER, L. HEMMERDINGER, AND I. RANDO

GRUMMAN AIRCRAFT ENGINEERING CORPORATION, BETHPAGE, NEW YORK

The recent importance of space exploration

has created a demand for accurate knowledge of

many material properties previously unknown.
One area where little data are available is the

determination of surface thermal radiation

properties at different temperatures. Due to

the absence of atmosphere in space, thermal

radiation becomes the predominant mode of

heat transfer and is especially critical in deter-

mining a satellite's thermal balance. For this

reason, accurate knowledge of the radiation

properties of many newly developed materials

is needed to perform a thorough thermal

analysis of any spacecraft.

The emissometer described in this paper is a
device now being used at Grumman Aircraft

Engineering Corporation to measure the total

hemispherical emittance of many new materials

to be used in the fabrication of the Orbiting

Astronomical Observatory (OAO).

DESCRIPTION

The emissometer is based on the principle of
a guarded heater and is shown in figure 22-1.

It consists of a 2h/-in., disk-shaped specimen

heater which sits inside of a larger cup-shaped

heater or guard, and is thermally insulated

\ \ 1,,Myl."

FInURE 22-1.--Cross section of emissometer.

from it. The guard provides an isothermal

surrounding for the test specimen and its

heater so that heat is lost only by radiation

from the specimen surface which faces the cold
wall in the vacuum chamber (fig. 22-2).

The guard heater cup is constructed of heavy

aluminum to prevent temperature gradients

along its inside surface, and fiberglass legs

support the specimen heater so that conduction

errors are minimized. The test specimen,

a 2_-in. diameter fiat disk, is attached to the

heater with a thin layer of silicone grease to
insure good thermal contact. The heating

elements of the specimen and guard heaters

are constructed of stainless steel jacketed

Nichrome wire which has a very low resistance

change with temperature. Separate power

controls to the specimen and guard heaters

make independent temperature adjustments

possible and allow the heat lost from the

specimen surface to be controlled.

Vacuum

Chamber

Black Epoxy

Paint

Emissometer

Fibreglass

Mount --

Llq. N 2

Oold Wall

FIGua_ 22-2.--Emissometer in bell jar.
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All thermopiles a,nd therntocouples are nlade

of calibrated copper and constantan wire lo

insure adequate sensitivity in tim range of test
temperatures. Teniperature differences be-

tween the guard and sl)eeinien heater are

detected with a 6-junction thernlopile whi('h

activates a relay system supplying pulses of

power to a specinlen heater. This system

supplies power to the heater when it is eohler

than the guard, and shuls off just before the

heater reaches guard temperature. The early

shut-off is in anticil)ation of systeni tenipera-
turk overshoot. In this illanner the specimen

heater teniperature is l,iaintained within 1° F
of the guard tenlt)erature. The power supplied

to lhe specimen heater is nleasured only M'ter a

steady-state condition is ac]lieved t)etween the

guard and its surroundings. The aniplilude of

each power pulse is eoniputed by measuring the
current flow in the heater circuit and the heater

resistance. Clocks record tile aniount of time

the power is supplied to the tleater, as well as
the total duration of the steady-state test

period. The average power supplied to the

speeinien during lhe steady-state portion of the

test. is obtained hy nnlltiplying the amplitude

of the power pulse by the total fraction of time

the power was supplied.

Thermocouples placed on the inside surface

of the guard and on the back of the specinien

heater provide a cheek on the relay system antl

allow the spe('imen temperature to be read.
These thermocouples are monitored on a Bristol

recording potentiometer so that a pernmnent

record of the specimen and guard lemperatures

is obtained for each lest, All thermoeouple,

thermopile, and heater leads are wrappe<l
severM times within the guard cavity anti

pliysically fastened to it to reduce eon(hl('iion
losses through the wires.

OP£RATION

The enlissoineler lends itself readily to the

measurement of so-called "spa.ce materials"

1)eeause it can be ol)erate([ in a vltcuuln ehalnher

without (lifficuliv. For su('h applications tile
assenlhh, d einissolneter with t.est specilnen is

placed in It vacuum chanlber equipped with a
black epoxy-painted iiqui(t nitrogen eohl wall

(fig. 22 2). The gllal'd llelll.er power is set to it

predeterniine(t vahle to produ<'e a desired equi-

libriunl tenlperature and the configuration is

allowed to COllie to equilibriuut. The specimen

power relay systeiii keeps the specimen heater

toinperalure ,,'_ithin 1° F of tile guard ielnpera-

lure lit all tiines. \Vhen a st.eady-state condi-

t.ion is ,ltlnined, all of the power supplied to the

spe('inten ]ieltici' lllust he lost as radiation from

the st)e(qntei_ surface to the cohl wall. There-
fore, frolil all lt('t'urlite lnelisurelllont of the

power supplied to tile speehnen tieater, the

quanlil.v cd' lu,at en/itted froiu the test surface

to its slirr(tUll(til/gs ('an be calcuhtted. A COlU-

parison of lifts quantity with tile anlounl of
ileal chilli, ell tlv it I)lavk surface of the salne

itrea th!ltq'lliill,.'s lhe ]lenfispherical en_itlance

of the sl)e('iflien. Tile einittanee (¢) is tilus

cah'ulatecl knowing the resistance of the speci-

nien heater *IL), the current supplied lo the

heater (1,:,. ihe teiuperature of the spechnell
surface (7'_), and the tentperature of the cohl

wldl (7',,i, _t111{ ILSSUllling no radiation is re-
tlecte(I frolil the black wall hack to the speci-

liiOii, li is expressed its

('I?R,
-- _,(5/'/-- T,?)A,

DATA

All the dat, a presented were obtained with

the eniissonieter placed in a vaeuuni ehanlber

evacuated to it pressure of 5X10-_lnni of

lllereury to lnininiize losses due to atniospheric
convection and conduction. Tile first, few tests

were coil(htcted with a thermoeouple attached

to the edge of the speeinien surface to deter-

lnine the liiagnitude of tile teinperature drop

across the silicone grease interface. These tests

indicated llmi the gradient was negligible. It

is suggesied, however, that It siniilarly phwed

thernlo('ouple he used when the substrate of It

lest. specinien has low therinal conductivity.
The uieasurenients of wtiite porcelain enalnel

prescnt,',t in l:lt)le 2'2 l, were lnade during the

early devel(>f)nicnt stages of the eluissoineter
and sti()_ It shift front tile UCIA. I integrated

sl)eclral darn plotted hi figure 22 3. The data

for tile porcelain ellaluel and 2014 T6 anodized

Ithliiiinliin (tigul'e 22-4) were lnade without

iiulolillilic leiiiperlilure control. For these

tests the 1o 1; lenlperalure difference was lnaln-

rained t)v inanual lixljuslnlent which seriously
lhuited the iestin_ thne availabh_. The use of

i l'uiv.rsity of ('.difornia at l.os An_,eh's.
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TABLE 22--I. E'mittance Data on Varius Materials To Be Used in ()rbitin:/ Astronomical Ob,_'ereatory

Sample E,Automatic Temp., °tl
Control

557

465

423

372

574

56(}
467

375

57-t

513

46 ,_

4{}S

352

600

5-rail F{,rro white porcelain (qmmel on 2{11-I aluminum ......

Alcoa lightinf4 sheot S.I. grade ....... X

Anodized 2014 T6 alumimm]__ _

Aluminum side of aluminized Mylar ................ _ _

Gold on fiberglass: [

R, _* Condition of Fiberglass I

2 smooth .......... I

2 smooth ............... [ X

'2 sandblasted ............. / X _ -

2 smooth, d{'_zreased _ . ] X
5 sn ooth fiber as_, g ......... X

1 san{lblast{,d fiberglass ...... I _ X

I sandblasted fiberglass ........... X _ _

659

5_0

600

603

599

597

61(}

(i 1(1

1}, 71 -I

• 775

• 7(,1_

• 6S2

• 712

• 7S5

• 745

• 720

• 595

• 657

675

5X2

626

04(i6

0779

{}79_

2X_

0616

054S

0615

'2'2 "2

224

* Resistance in ohms used to measure thickness of gold.

_ 1 0o

4.1
4,a

 o.8

{a .6
,I-I

k

.4

E

_0.2

4.t

O

0

O

O
O

x TTCLA

o GAEC

X

0

I ! t t t t t I | !

360 460 560

Specimen Temperature (°R)

Fmt:aE 22 3.-- Emittanee of 5-mil FPrro enamel (m

2014 aluminum.

_ 1.0
u

o_

•" 0 8
E "

°
,*.-I

Cu .4
q_

,F,I

E

_0.2
r-t

b_ 0

FI(;I'RE

O
O

0 0 0

i I I t i I I I I I

3 60 460 560

Specimen Temperature {°It)

22 4,--Emittance of anodized 201-1 T-6

aluminum.
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an automatic temperature control has made

longer testing times possible with a subsequent

improvement in the reproducability of results.

A test of S.I. grade Alcoa lighting sheet was
made with the automatic temperature control

installed and a comparison to UCLA integrated

spectral data is shown in figure 22-5.
Measurements of 24-karat gold, vacuum de-

posited on various fiberglass substrates in
various thicknesses have also been made.

The emittance values show a large spread due
to the condition of the substrate surface

(fig. 22-6). Data on other materials are shown

in figures 22-7 to-9.

CONCLUSION

In its present state of development, the

emissometer system allows one sample per day

to be tested. The speed of operation and sim-

plicity of data reduction make the system par-
ticularly suitable for production supervision

1.0
L9

•_ 0.8
E

I 6

-_ .4

0.2

0 ! I I

360

O

O
O

x UCLA

o GAEC

+ Auto-Control

| A ! | I | L

460 560

Specimen Temperature (°R)

FIC,URE 22-5.--Emittance of Alcoa S. I. Ahak.

,.0.3 I f I
, Sandblast 1 fl/fl _

Smooth Degreased 2 11/[]-- 7

o
500 600

Specimen Temperature (*R)

FIGURE 22-6.--Effect of temperature on total emittancc

of gold on fiberglass.

: i i i

i 0. Z ----

0

4oo

J 1..........
I t

o,-_1o'I . ._/--- Smooth Un, _ad

500 bOO

5pedmen ]emperat,tre ('R)

FIGrRE 22 7.--Effect of temperature on total emittancc

of )dodir}ed 7075 T6 al(_minum.

0.5

_ 0.4

i 0,3

O.2

r---- Mylar Side

I

. L_±._ , , ,
400 500 boo

5pecLmen Temperature {'R)

Fl<;c'nm 22-8.-.- Effect of temperature on total (,t))i_a))cc

of NRC-2 insulation in various configurations.

:' °V --T

0 40q 500

5peel.men Temperature ('R)

FTC, URE 22 9.--Eff(_ct of temperature on total (_mit-

tance of Mnrtin Hardcoat Anodizc on 7075 T-6

unclad aluminum.

and quality control of thermal radiation coat-

ings. Aside from speed, the system has tim

advantage of measuring total hemispherical

emittance regardless of the spectral character-
istics or diffuseness of the test surface. In

addition, the measurements are carried out

under a _imulated space environment so that
data are obtained under the actual conditions

which prevail in a space vehicle.

The materials already tested nnd subsequent
materials to be tested are for use in the manu-

facture of the Grumman Aircraft Engineering

Corporation Orbiting Astronomical Observa-

tory. The emissometer is playing a large role in

the development and quality control of the

radiation surfaces making up the _hermal control

system of this satellite.



Emlnometor---,ADevicefor MeasuringTotal HemisphericalEmlttanco 221

APPENDIX--ERROR ANALYSIS OF EMISSOMETER

LIST OF SYMBOLS USED

Total hemispherical emittance

Q Heat flow, Btu/hr

Stefan-Boltzmann constant, Btu/hr-ft _-
OR_

C Conversion factor=3.414 Btu/hr/watt

T Absolute temperature, °R

A Area, ft _

k Thermal conductivity, Btufar-ft2-°R/ft

l Length, ft

I Electric current, amp

R Electric resistance, ohms

Resistance (used to measure thickness

of vapor-deposited gold), ohms

Subscripts

II Specimen heater

G Guard heater

s Specimen

W Liquid nitrogen cold wall

E Error introduced by nonisothermal
conditions

Notes

The Btu used in all calculations is the mean

Btu defined as 1054.8 joules.

The wall temperature used in all calculations

is the boiling temperature of nitrogen at 1
atmosphere (140 ° R).

A vacuum of 5X10 -8 mm of mercury was
maintained during all tests to reduce convec-
tion losses to a minimum.

FlberElass Heater Supports

Dimensions: 0.030 x 0.625 x 0.25 in.

A
l--_=0.012 in.

A=0.001 ft.

Btu
k for fiberglass=0.29 ft2 hrO_R_ft_ ,

_0_1for 3 legs=3X0.29 hr_ft_ OR_ft_ 1

X0.001 ft
Btu

----0.0009 --
hr_°R

Thermocouples and Thermopile

Wire diameter----0.01 in.

Cross section=0.0000785 in?

Length of leads----20 in. ; --A/= 0.000003925 in.

Length of thermopile elements=6 in.;

A=0.00001308 in.

Conductance per thermocouple

A
= (/¢_...,+ koo.._°_.)¥

=(226 Btu Btu
ft__hr OR_ft_ 1+ 80 ft2_hr--_-R_ft )\

Btu
=0.000100 --

hr_OR

X3.93
ftx10-6

Conductance of thermopile=3X25.5
Btu

hr-°R-in.

X13.1X10 -_ in.

Btu
=0.001 --

hr_OR

Conductance of 20-in. copper thermopile leads:

Btu X_X3.93X 10 -6 in.=2 X226 hr_ft2 (OR/ft)

Btu
=0.000148 --

hr-°R

Total conductance of 2 thermocouples and

thermopile

Btu
----0.00135 --

hr-°R
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Conductance of Heater Leads

Wire diameter = 0.023 in.

(;ross section area=0.00049 in?

Lead length=20 in.

Btu

k=226 hr_ft2 °F/ft

kA Btu . 0.00049 in2
l-= lS.8 hr-in. °R:_ 20 in.

Btu
=0.000461 ---

hr-°R

_A_ BtuFor 2 leads =0.000922 hr_OR

Total Heat Exchange by Conduction

(_A_) Btu Btu=0.0009 hrEr-_ + 0.00135 hr_O_
tot

Btu
+0.000922 hr_O R

hBr_O_ watts=0.00317 =0.000930 °R

For a gradient of 1° F the total heat exchange
is 0.000930 watts.

Radiant Heat Exchange Between Specimen Heater
and Guard

For a body completely enclosed by another

body a good approximation to the net heat

exchange is given by:

Qnet= E_+oaAH( T.'- Ta4) ; and Era+c,
1

1"+(1 I_)AH

If we consider the rear surface of the specimen

heater which sees only the guard, this expression

is a good approximation to the net: heat flow

front tilt+ specimen heater to the guard heater
due to radiation.

Measurement of Thermal Radiation Properties of Solids

Calculation of Radiation Error and Total Error

.lH+-::Tr<l.25 in.)2=4.90 in?

_1,: =(1.375/+ (2.75) (0.875) = 13.5 in?

+H:::0.I)5 (aluminized Mylar); +_=0.1

II,_a('hined aluminum)

1 1
F_H_ G -

Eu _<;=0.0429

EH__+<;_y, 1 ` (().o429)(0.174)(0.0341) Btu -s
Btu/hr hr-UZ-R_/ 10

3.41 --
watt

watt
:=0.746/, 10 -12 OR4

By dividing the quantity QE/zA/T/-Tw 4) by
the emissivity of the specimen to be tested and

multiplying the result by 100, the percentage
error due to a temperature difference of 1° F

between the heater and guard is obtained.

Temperature Measurement Error

The use of calibrated thermocouple wire

reduces the possible temperature error to

±}_o F. If we called T_ the measured tem-

perature and T+ the actual temperature we
}lave:

I_2R
_ - ( T+'-- T.2)A_'

I+2Rp

++= ( T2-- Tw') A+

,/<:7oerror :: )< 100 -- 1 100

( T_-Tw_ t))< 1007'?- Tw +

T, <,°RI

56O
+t60
36O

Ta BLE 22--II.-- Temperature Data../<>r Ileater a1_(f Guard

QB
Tq (°R) O.-)a (w_ltts) Cx ,w:it_:-:," A,a (T,_--T. '_)

55(3 (). 000403 (1. l)()l :/:l O. 0007S5

45(,) .000224 ()( 115 .00144
'35(,) .001 IS . ()(11()5 .0()36_

*Conduction + radiation.
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This quantity is calculated below for tempera-
tures of 560 ° R, 460 ° R, and 360 ° R.

T,(°R) T;(°R) ( T'4-- Tw_ %T', 4-- Tw _ / Error

560 559 1.01 1

460 459 1.01 1

360 35(.) 1. 01 1

From these data we may conclude that an error
of 1° F in a t,emperature reading will cause a

10

9

8
t9

7

•i 6

O

5

_ 4

3 =,1

! I I L | I I I I I

360 ° 460 ° 560 °

Specimen Temperature (°R)

FIovR_: 22 lO.--Effeet of temperature on total per-

eentage of error.

1% error in the emittance calculation for the

range of temperatures considered.

Errors in Power Measurement

The specimen heater resistance is measured

accurately to 0.01%, and the resistance of the

Nichrome heater element is very insensitive

to temperature changes in the range of test
temperatures. Therefore, it is assumed that no
error is introduced into the emittance calcula-

tion from the value used for the specimen heater

resistance. The voltage source for the heater

is a large storage battery which is frequently
checked to ensure its output. It will be as-

sumed therefore that the current flow through
the heater remains constant during the test

and the only error introduced into the power
calculation is due to erroneous amperage read-

ings. The ammeter used in the emissometer

system is a dual range (250-500 ma) Weston

d-c milliammeter. The instrument sensitivity

is -i-_% of full scale so that the maximum
error which can be read is +1.25 ma. The

usual current setting for a test is 300 ma so

that an error of 0.425% is possible in the

current reading which produces an error of

(1.00425)_X 100----0.9% in the emittance calcu-
lation.

Thus, there is a fixed error of 1.9% due to

instrument inaccuracy to which must be added

any error due to temperature differences

between the specimen heater and the guard

heater. The total percent error as a function

of specimen temperature is shown in figure
22-10 for specimen emittance of 0.05, 0.10,

0.50 and 1.00. From this figure it is obvious

that the error is largest when specimens having

low emittance are tested at low temperatures.





23--LOW-TEMPERATURE TOTAL EMIT-

TANCE CALORIMETER

BY R. N. SCHMIDT AND J. E. JANSSEN

HONEYWELL RESEARCH CENTER, HOPKINS, MINNESOTA

Apparatus consisting of an evacuated chamber, liquid nitrogen-cooled thermopile, and
sample heater, for mea_suring total hemispherical emittanee in the range -- 100° to +200°F
is described. The thermopile is calibrated with the aid of a blackbody, and the emittance of
a specimen is computed from the heat balance at the thermopilc surface. Hemispherical
values are obtained by locating the sample close to the thermopile so that is sees the sample
through a solid angle of nearly 2_r steradians. A theoretical error analysis indicates a maxi-
mum uncertainty of±3.25%, but comparative measurements indicate an experimental
error of only :[:2 %.

Radiation property values are becoming in-

creasingly more important with the recent
advances in space research. The absence of an

atmosphere in space eliminates convection and
and conduction as modes of heat transfer and

leaves radiation or possibly mass ejection as the

only means for the transfer of heat to or from

spacecraft. When evaluating the heat radiated

from a surface, the total hemispherical emit-

tance of the surface at its temperature is re-

quired. Because manned spacecraft will be

operated at near room temperature there is a
great need for an accurate method of deter-

mining total hemispherical emittance at these

relatively low temperatures.

APPARATUS

Figure 23-1 shows a schematic of an appa-
ratus which has been used to measure total

hemispherical emittance over the temperature
range --100 ° to +200 ° F with an estimated

maximum uncertainty of -k3.25a/o. The design
consists of a cooled detector (Brown radiamatic

thermopile) in an evacuated cooled enclosure.

The sample is held in a heated sample holder

suspended from the cover just above the ther-
mopile. Tile enclosure is evacuated to 10-Smm of

Hg or lower to eliminate free convection and

gaseous conduction. The walls and bottom of

the enclosure, as well as the detector, are
cooled with liquid nitrogen to reduce back-

ground radiation. The sensor sees only the
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}"I_,I_RE23-1.--Total emittance calorimeter.

samples or the walls of the enclosure. The

shape factor from sensor to sample is 0.988

leaving 0.012 for the shape factor from sensor

to walls. A short collimating tube is employed

225
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between the sample and thermopile to increase
the distance between them an(t yet maintain a

high shape factor between the detector and

sample. The increased distance is needed to
assure no direct, contact between the sample

and therlnopile due to warpage of the thermo-

pile leads, and to decrease the possibility of

conduction in the gas layer if the vacuum were

to be less than expected.

Tile collimating tube arrangement facilitates

easy installation of tile thermopile and provides

a heat sink mounting for the thermopile. It

also shields the thermopile cold junctions. Tile

collimating tube is made of highly polished

copper with a reflectance of 98% in the infrared.
Because the reflectance is less than 1.00, a small

error is introduced by the collimating tube.
This error is discussed in some detail later.

The sample hohter is made of copper and
contains a resistance heater to maintain the

sample at the desired temperature. Three

spring clips are used to hoht the sample in place.
Tile sample holder is suspended from the cover
with a stainless steel tube. Provisions are

made for adjusting the sample holder height.
This enables the measurement of samples vary-

ing in thickness and yet maintaining a high

shape factor for all samples. Samples each
1}_ inch in diameter and approximately }_ inch

thick are presently used. The samples inust
be flat and smooth on the back side to assure

good thermal contact between the sample and

the sampleholder.
Since the measurements are nlade in a

vacuuln of about 10 -(_ mmIIg the samples nmst
be able to tolerate these conditions at the de-

sired measurement temperatures. Excessive

outgassing of a sample produces condensation

on the thermopile and an error in the measure-
ment.

The sample surface temt)erature is ineasured

with two 40-gauge copper-constantan surface

thermocouples. The junction of each is soldered

to a small piece of copper shim stock. This

thin copper plate is held down with the spring

clips which are also used to hold the sample

(fig. 23-2) in the sample holder. Because the

sample holder contained the heater and, there-

fore, was hotter than the sample, the surface

thermocouples were insulated from the sample

clips by two thicknesses of fiberglass paper. A

004"

LEADS

005" COPPER

SHIM STO:j A
018" FIBE R

FILTER PAPER
OIG" PIANO WIRE

0035" BRASS _/

SHIM STOCK

THERMOCOUPLE

F](;t;RE 23 2, Surfac(_ th(,rmocouple installation.

piece of polished spring brass shim stock was

placed het_veen the sanlple clip and the fiber-

glass Imp(w to prevent crushing of the paper
and also to reduc, e the cmittance at that point.

In order to check the surface temperature

measurcJncnt, the surface thermocouples were

compared to a thermocouple imbedded in a

copper sample painted with black paint. They

all agreed within 1° F; therefore, it is quite safe
to cstinmtc the uncertainty of the sample sur-

face temperature measurement to be within
±1.5 ° .

The apparatus is calibrated by replacing the

sample and sample holder with a blackbody.

The blackbody consists of a thick-walled copper

tube with a roughened surface coated with Par-

son's oplical htack lacquer. A calibration curve

was determined by varying the blackbody tem-

t)eratur(' over the ne(!essary range. Figure 23 3
shows the calibration curve.

....7
_u - "-T

I i,_] .... '_'"

i:}:

_T_- T-- I q I I n I I

T _ x a,-I°, %

I't_I RE 2:/ 3.- Blackbody calibration.
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ANALYSIS

'File equation for calculating the emittance of

the sample is derived from a radiation heat bal-

ance for tile surface of the sensor. Tile energy
radiated from the specimen to tile detector is

where:

Stefan Boltzmann constant

_ emittance of sample

A, area of sample

F_ shape factor from sample to <tetector

T, absolute temperature of sample.

(1)

Energy radiated from the detector an(I back-

ground to the sample and reflected back to the

detector also must be considered. This energy
can be estimated by the following equation:

where:

t, emittance of detector

7',t absolute temperature of detector

p_ reflectance of samt)le for incident energy
from the detector.

emittanee value for any sample. The energy
radiated by tile detector is

Q- +g.l_a Td + (4)

One more energy source nlust be considered:
tile energy which is emitted from the sample

and reflected by the detector back to the sample
and then reflected 1lack to the detector. Since

the <tetector is nearly black, only this first re-

reflection need be considered. This energy is

especially important for the low-emittance san>

ples where the reflec anee of the sample is quite

high (p,__0.90). Consi(lering the shape factors

involved, about one half of the energy reflected
by tile detector comes hack to the detector.

The detector is painted with Parson's optical
black lacquer, which was measured and found

to ]mve an emittance of 0.977; the literature

states the emittance to be 0.98. Therefore, we
will assume the reflectance of the detector to be

0.02. This energy is handled by multiplying

Q',-_ by (l÷0.01 o:). This correction factor is

quite small and does not affe<'t the tinal emit-
tance value appreciably.

Assuming the reciprocity relationship hohls,

This equation assumes that

where:

_ emittance of background
Tb absolute temperature of background.

This assumption is very good for the low

emittance samples (e=0.16). tlowever, for a
0.50 emittance sample e_T_4__2ebT_ 4 and for 0.85

emittance samples _dTd4_=3_bT_ _. Nevertheless,

this assumption causes less than 0.25c/, error in
the final emittance value. A small amount of

background radiation falls directly on the de-

lector, since the sample does not completely fill
tile hemisphere of space above the detector

(f',,±l). This energy is estimated by

Qb-a=:_aA_l_'boa Tai (3)
where:

A_ area of background seen by detector
l"b,t shape factor from this area to detector.

This equation also assumes _dTd_=+_Tb 4

which causes less than 0.020-/0 error in the final

-:L ?;.- +LF.:
an(]

the net radiation to the detector is

Q,,_, (1 +().Olp_)(d',_a+Q",_d+(_,)__a--Qd

+ a¢.A_ ( 1-- F_.,) T,' -- a_,.L 7] 4

Rewriting

q"" (I+O.OIp._)+,T, , eop.¢'l,--e.T_ (5)

p., in the second lerm can be (,hanged by
Kirchhoff's law (p.,--1--_,) if tile temperature

of the detector is not greatly different from
that of the sample. Also, if tile temperature

of the sample is considerably higher than that
of the detector the second term is orders of

magnitude lower than the first and any error

due to Kirc]fl_off's law wouhl 1)e negligible.

Kirchhofl"s law can be applied (lirectly to the
p,, in the first term because the energy considered

in that term originated from the sample and
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was reflected back to the sample by the de-

tector which approximates a grey body.

Therefore, tile energy would have the sanle

spectral distribution as the sample which makes

it applicable to Kirchhoff's law.

Q"_' :rl +0.01 (1 - es)]_sT_'- eg_,Td 4

rewritting

Q,,,I,,A_
_'= F,,,[[_+0.0m-- _,)IT?--_,,T21 (6)

The numerator of this equation is determined

by a blackbody measurement. For a black-

body (e= 1)

Q,_c/aA_
1=F_,(T/--_T,') (7)

where:

T, absolute temperature of blackbody

Fd, shape/'actor from detector to blackbody

Combined equations (6) and (7) give

F_,(T,4--+aT_ ')
'_"= F_,[[ 1÷0.0l (1 -- _,)IT/-- e_Td4]

(8)

The calibration curve (fig. 23-3) was deter-

mined by varying the blackbody temperature

over the necessary range and plotting the

temperature to the fourth power versus the

detector voltage output. Then T, 4 is deter-

mined from this curve; T_ is determined by the

surface thermocouple; T_ is the thermocouple

hot junction temperature and is determined

by a thermocouple at the cold junction and the

thermopile output. There are ten thermopile

junctions; therefore, knowing the output and
temperature calibration for the materials mak-

ing up the thermopile, we can determine the

temperature difference between the cold and

hot junctions. With Td, Tr 4, Ts, ca, and the

shape factors for both the blackbody and

sample, which were calculated from physical
measurements, the sample emittance can be

determined from equation (8). First the sam-

ple emittance is estimated and put in the

denonfinator of equation (8) and then the

sample emittance is calculated. This calcula-

ted value can then be put back into the

denominator of the right, side of the equation
and a new estimate of emittance can be calcula-

ted. However, if the first estimate is reason-

able, the second calculation is unnecessary

because the emittance correction term is very
sm all.

RESULTS

The emittance of several known materials

was measured to check the procedure. Parsons
optical black lacquer gave a value of 0.974 and

0.983 at room temperature which compares

favorably with published values of 0.98. The

hemispherical emittance of evaporated gold

on glass was measured to be 0.018 at room

temperttturt_ whi(.h agrees well with the litera-
ture. Total emittance measurements were

also m_t(le on room temperature emittance

standards (ref. 1). The surfaces of the three

different standards consisted of two basically
different materials. One standard consisted of

a highlead glaze on sintered lithium doped nickel

oxide, _ 0.858, another consisted of evaporated

aluminum covering the glaze, _=0.027. The
third standard was a combination of the above

two; 43% of the glazed nickel oxide surface

was covered with evaporated aluminum, _=

0.515. The partially covered surface was

obtained by evaporating through a screen-type

mask of known open area ratio. The emittance
of the third standard was also calculated from

the emit tance of the other two and the known

area ratio. The calculated emittance of 0.501

con,pared favorably with the measured value,

which ga.ve a check on the accuracy of the

apparatus for the 500-/0 emittance range.

ERRORS

The measurement error can be broken down

into two separate parts, random and systematic.

The random error is usually determined by

measuring samples several times. This was

done for _everal samples and found to be

_2.0%
The systematic error is somewhat difficult to

determine precisely. One systematic error is

in the surface temperature measurement.
Most of the surface temperature measurement

error is random and is expressed by the above

error. However, there may be a small system-

tic error in the temperature measurement due

to error in the thermocouple calibration.

Extr_ precaution is taken to eliminate any

errors which might have existed in thermocouple
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circuits due to dissimilar metals. All the

thermocouple leads are changed to copper
leads in an isothermal environment and from

that point on through switches and the poten-
tiometer all the leads are copper. It is estima-

ted that all of the systematic error in the

temperature measurement is due only to the

copper-constantan thermocouple calibration
1/error and equal to ±/4%.

Another systematic error is due to the varia-

tion from a true hemispherical measurement--

that is, the deviation from unity of the shape

factor between the thcrmopile and the sample

or blackbody and the effect of the collimating
tube. Both of these effects accentuate the

normal emittance; however, they will have no

effect on the emittance value of a sample which

emits energy with a cosine distribution since

the error is calibrated out with the blackbody.

A calculation for an evaporated aluminum

surface was made to estimate the error in using

the collimatin_ tube. I)ata for the angular
dependence of emittance for the aluminum was

taken from Eckert (ref. 2). The calculation

assumed the reflectance of the collimating tube

to be 98% (the reflectance of polished copper
in the infrared) and showed that an error of

--1.0°"/o was caused by the collimating tube.
However, Eckert's data were taken from re-
flectance measurements and these measure-

ments were made only ill the plane normal to

the surface and containing the incident ray.
The effect of the variation in reflectance for the

hemispherical case is unknown but should be

equal to or less than for the normal case. For
all metal surfaces aluminum seems to have the

largest deviation from the cosine law. Eckert's
data also show that the non-metal surface

emittance values drop off at the grazing angles

where the aluminum increases sharply to

several times the average value; therefore, we
assume the error calculated for aluminum to be

as.large as could he expected for any material.

The error caused by the shape factor, being

less than 1.0, is assumed to be negligible or con-

tained in the random error for the following

reasons. For a metal surface, the random

error is smaller than the expressed 2o-/0 because

the surface temperature measurement is more

accurate. There is very little difference be-

tween the two surface thermocouples when

measuring a metal sample. Therefore, we will
assume the error caused by the shape factor,

which is less than 1.0%, to be included in the

random error for conductors. The shape factor

error for non-conductors is negligible because

the emittance drops off sharply at the low angles

where the loss of radiation from the sample to

thermopile would occur. Although this small

error is positive and the collimating tube error

is also positive for non-conductors, the addition

of both is less than the stated 1.0% for the

collimating tube error. Therefore, we assume

the shape factor error is lumped in with the

collimating tube error.

The blackbody calibration error is assumed

to be negligible or contained in other errors for

the following reasons. In any event the black-

body calibration error (both random and sys-
tematic) is small. The random error is very
small because the calibration data were taken

many times and have very little scatter The

systematic error is very small because the black-

body is a hole (aspect ratio of 4) and the hole

surface has a high-emittance coating. The

emittance of the blackbody was assumed to

be 1.0 in the calibration equation. Because

the blackbody emittance is less than 1.0 the

sample emittance would have a positive error.
As stated before for conductors, the collimating

tube would cause a negative error, therefore,

the combination is less than the collimating
tube error. In the case of a non-conductor, we

will look at the energy distribution.

As is shown on page 418 of Eckert (ref. 2),
the emittance of a hole is 1.0 for the large

angles but the hole emittance approaches the

emittance of the surface as the angle approaches
the grazihg angles. As was stated before, the

collimating tube and shape factor errors for the

non-conductor are positive because the energy

distribution drops off at the low angles where

the assumed blackbody does not. Therefore,

if the true blackbody reference does drop off,

this error will be reduced, however, not as

much as the blackbody emittance being less

than 1.0 will increase the error. Because the

collimation tube and shape factor errors are

small as expressed before, and are even smaller

when the true blackbody distribution is con-

sidered, tile sum of the blackbody calibration



23O

error, shape factor error and collimating tube
error is assumed less than 1.0%.

All other errors are assumed negligible, there-

fore, the total estimated maxinmm uncertainty
is -4-3.25%. Tit(, comparative measurements
indicate that the real error is about :t:2%.
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24--SPECTRAL EMITTANCE MEASUREMENTS

FROM 40 ° C TO 200 ° C

BY DONALD L. STIERWALT

U.S. NAVAL ORDNANCE LABORATORY, CORONA, CALIFORNIA

Instrumentation has been developed for measuring the spectral cmitt, ance of both

opaque and t,r'u_sf>ar(q_t mat_.rials from .10 ° C to 200 ° C in t,h(_ 2 to 25 _ spectral region. The

t,(_chnique consists of measuring the radiation front a twat_,d sample and comparing

with th,tt from a blackbody r(4('r('nce source. A Beckman II{-3 sl)_'ctrophotom('ter

has I)e(m modified for this purpose. By programming the I]1-3 with "t t)lackbody at the

sam(, temp(,raturf, as the sami)le , the spectral cmittance is read out directly on the recorder

chart. With a minor modification, it should be possible to make these m(,asur,mmnts at

dry ice or liquid nitroiz_'n teml)eratures, and to m'tke total reflectance nwasurements

over the entire temperature range 196 °Cto 200 ° C with -t further modification. Spectrql

emittanee m(,asurements have been made on germanium, silicon, cadmium sulfide, ]rtran I,

IrtranIl, and several otlwr transl)arent and opaque materials. Curves of spectral emittance

for a s(dection of th('se materials at several temperatures are presented.

In general, when radiation is incident upon
an object, part of the radiation is reflected,

part is absorbed, and the rest is transmitted.

If all of the radiation is absorbed, the object is

called a blackbody. The thermal radiation

emitted by such an ideal blackbody is given
by the Planck equation

Wx(T) =('_X -s (exp (__T--1) -1 (1)

where

C_ 27rc'_h

h Planek constant

k Boltzmann constant

c speed of light

This is the spectral emissive power of a black-

body. i.e., the power emitted per unit area per
unit wavelength interval.

For a body that is not a perfect absorber, the
absorptivity A is defined as the fraction of the

incident energy which is absorbed. According

692-146 O---63--16

t,o Kirchhoff's law, such a body will emit
thermal radiation in the amount

Wo(T) = _W(T) (2)

where where e-A and W(T) is the thermal

radiation of a blackbody at temperature T.
The emittance _ is the ratio of the thermal

emission of a body at. a given temperature to

that of a blackbody at the same temperature,

and is equal to the absorptivity of the body.
The equality of the emittanee and the absorp-

tivity can be shown to hold at each wavelength

so that _x=Ax. We have, then, for the spectral

emissive power from an object

Wo,(T) =,,W_(T) (3)

In general, the spectral emittance _x is a

function of both wavelength and temperature.

If we consider a quasi-transparent sample

with optically smooth plane parallel sides, in

the spectral region where _/n <<l the following
approximations hold for the reflectance, trans-

mittance, and emittance:

1[,= r_[14- e-2"'(1 --2r2) ]
l_r4e -2at
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T _(1 --r2)_e-_' (5)
1 --r%-2_

(1 --r _) (1 -- e -_') (6)
e-- l_r2e_at

where n is the real part of tile complex index

of refraction, _ is the imaginary part, i.e.,

n--1 4r_ the absorption eo-
.*=1_,-i_, r=_T 1, _=_-,

efficient, and t is the sample thickness. Adding

(4), (5) and (6) one can verify that

R+ T+_- I (7)

In the ease of a nearly transparent sample

where at <<1, equation (6) reduces to

_=_t (S)

Thus one can determine the absorption coefli-

eient from a measurement of _ and t.

For an opaque sample _= 1--R. Thus emit-
lance measurements provide a method of

determining total reflectance at normal inci-
dence. Tiffs is especially useful for polished

Measurement of Thermal Radiation Properties of Solids

metal surfac(,s where R-->I.00, in which ease

is a measure of the deviation from a perfect.
reflector.

INSTRUMENTATION

The sp_,,'tral emittance of a body is found by

measuvin,.,' its thernml radiation as a function

of temtwratur,' arm wavelength. A Beckman

IR 3 spv,'trophotometer was modified for this

purpose. Figure 24-1 is a top view of the op-
tical sv-qom of this instrument before modifica-

tion. Ttw compartments are evacuated, dim-

inating almospherie absorptions, and each is

lined with copper tubing through which tem-

peraturo-controlled water is circulated. The

sample is healed by conduction from the

polished alulnimnn holder (fig. 24-2). Power
to the h_mlet's is controlled by the platinum re-
sistant, ,hmwnt which is one arm of a bridge.

The temperature of the sample holder is

monitored by the copt)er-eonstantan thermo-

eouph,.

The sample chamber (fig. 24 3) is a copper

cone with an apex angle of 15 ° . The chamber

was plated on the inside with iron and then

oxidized. The iron oxide surface and geometry

IR3 SPECTROMETER OPTICAL PATH

U

GUIDE A
RAiL

RECEIVER

COMPARTMENT

LEAD sCREW_='['_-"_'_---"') Z

IRCE COMPARTMENT

MONOCHROMATOR GAS CELL CELL

COMPARTMENT COMPARTMENT COMPARTMENT

SHAFT SLIT SHAFT

FIGURE 24-1.--Optical path of the Beckman IR-3 q_2etromvt('r before modification.
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HEATERS

ATINUM

RESISTANCE

ELEMENT

S SAMPLE

H SAMPLE HOLOER

L CS'[ LENS

0 DIAGONAL MIRROR

C CHOPPER

R REFERENCE CAVITY

E ENTRANCE SLIT

E

I:mt-rr:24-3. Sample c]mmbpr.

of the eone make an exeellent bhwkbody.

This is necessary in the ease of transparent
samples in order to prevent radiation from the

sample or sample holder being reflected back
through the sample and into the monoehronm-

toe. Copper tubing is soldered to the outside

of tile cone and the same water which regulates

the nmno('hronmlor tenlperature is eirt'ulated

through these coils. The cesium iodide lens,

I,, and tile sample holder are fitted into tt,, _'as
cell compartment cover. The saint)h, chamber

fits onto this cover with an ()-ring vacuum seal

so that the chan_ber can be evaeuate¢l along

with the gas cell compartment The mirror,

D, may be swung aside for nutking transmission

lnes, surtqlletlts using the Nernsl glower SOUl'ee

shown in figure 24 1. When the diagonal tniz'-

ror, D, is in the position shown in the figure,

radiation from the satnl)le is focused on the en-

trane(, slit of the monoehromator. The chop-

per, C, has a mirror surface, so that the ra(lia-

lion t,ntering the monochromator comes alter-
nately fron_ the sample and from the refl,ren('e

cavity, R. The a-e signal from the (letmgor is

proportional to the differenee in energy between

th+e sample beam and tile reference cavity beallt.
Adding all sources which ('ontribute to the

signal, we have

S.,--K[(+,W,+R,H',_+ T, IVm)ll,tT' t + (1 -- 7'_)

I?eW.,+(1--1{a)W,,,--II.Wr--(1- R_) II"m] (9)

where S is the signal voltage, and K is a con-

stant which depends upon the transmittance of

the monoehromator and the responsivily of the

detector. The subscripts x, m, d, [, c, and r

refer to the sample, monoehromator, diagonal

mirror, lens, chopper, and reference cavity.

The first term inside the brackets reprcsenls the
radiation (,mit.ted, retleetcd, and trattsmitted

by the sample. The second term is the radia-

tion from the lens, the third is from the diagonal

mirror, the fourth is from the reference cavity

and the last is from Ill(+ chopper. It is assumed
that the tens, diagonal mirror, and chopper are

at tilt, same tmnperature as the monoehronla-

tot'. Using equation (7), equation (9) reduces
to

S_-- K[+,Ra T t (14",-- t12) + R_( W.,-- 14"r)] (10)

Following the same procedure with the black-

body as the source in place of the sample we
find

S++-- h_ltaTt (14rbo-- _/rm) +h'.(W,,,-- 145)1 (11)
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For the measurtm_(,nts presented here, the

referen('e cavity was mnintained at mono-

chromator temperature so lhat IVy= W,,. SoN-

ing (10) and (11) for the emittanee + we find

&, 112,, IV_

In the case where the blacl,:body is at sample

telnt>eratur(_ (12)reduces to

x_ (13)
Es _hh

A 1)lo('k diagram of lh(' alq)aratus is shown in

ligur(, 24 4. The OUtl)Ul from the synchronous

rectifier i_; fed Io the sm'vo system which varies

the slit width maintaining COIIStltlll ('ll(q'(rV tO

the (h,t(,(qor. This slil width information,

along wilh Ihe wavelength, is stored hv th(,

tape vecord,,r. B y using a 1)ht('ld)od3- 'tt
Saml)l(' I(qHI),q'atur(' 1o stantlar(liz(, the slit

prog'ram xv(. make ,S'_=I ill equation (13).

Then th,, I)lnckbod 3 is l'(,phmed t)3" the samph',

the l)la._lm('k front the tape pl'ogP_,llllS l}lo

slits nn(t wnvd(,ngtll drive, and the emiltane,,

is reP()vd('d (liv('('tly on the chart r(,('or(h,r.

Figure 24-7, is an (,xamph, of th(, (,miltan('(,

dir,,ctlv voeovded for a silicon samph,. The
hla('kh.d_ use_t for slandatrdization was a

cavil v m:l('hin('d from reactor-grade g'raphil _, to

TEMPERATURE

CONTROLLER

CHOPPER H MONOCHROMATOR

I
L

H DETECTOR IFI _(FI _R

I

SYSTEM l RECORDER _-0 ro R

FI<URE 24-4.-- Block (lia_r:tm _1" apl_)ara*u --.

RECORDER]

SINGLE

I:](;Vr_E 24--5.--Typical chart r{,cor{lil_g (,f .-i.:ctral (,mittanc{,.
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fit Ihe sample holder, lts emittanee was

rompared with a siandin'd bhteldmdy lind

found to be at least 0.99 from 2 to 25 _.

For samples with wwy low emit.tanee the

_zain of the amplifier ran be (!hanged 't)(,iwe('n

_ilmdardization trod I)hLvba('k runs, expire(ling

lh(' emittant'e s('ah,. An examph' of this is

shown in figures '..)4 6 and 7. Figure 24 6

shows lhe emiitance of a fiw,-,nillimel('r sample

of ('a(hnium sulfide from 2 to _'25 #. In the 2-

lo l l-,u region , th(, emitt.m('e is so low tint!

mut'h (h'tail is lo,_t. Therefore, this se(qion of

lhe Sl)t'('lrum was s('lmr,'(I with the gain in-

creased by a factor of ten. Th(_ result is shown

in Figure 24 7 in whi('h _(,v(,ral emission bands

ellll })P se(Ul.

FUTURE WORK

Exlunination of (,qualions (9) lhrough (1:/)

reveals lhnl tile sanil)h_ lellli)erilillre iilliV |)e

ill)ore or i.,low liionoehroiiilitor leli/peri/l/ll'(,

lls Ion V lis iherc is It sulli('h'iil (lifference t)elween

lh(, two. Tlierefor(,, low-lenil)eralure eniillnnce

lii(_ItsllrelilelilS ran lie liili(](' hy i)rovidin7 a

cooled <gltlill)le tiol(h,r. For o[)llque Saliiples ihis

will b(, relaiivel.v (,as,v sili('e no l)rovision inusl

1)e iiillde for Irluisluilted rll(lialion.
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FIC,URE 24-7.--Emittance, _, and absorption co(,fficicnt, cx, of cadmium sulfide (t=5.1 mm).

i

Another planned modification is the use of a

cooled photoconduct,ive detector in place of ttw

thermocouple now being used. This will in-

crease both the sensitivity and the spectral

resolution available. An interesting possibility

is that of maintaining the reference cavity

at sample temperature and the blackbody at

monochromator t,emperature. Then the emit-

tanee becomes

e°:(i-- SSb0) R,T_,12_ (14)

If the reflectanees of the mirrors R_ and Ra are

equal we hay('
S

- 1--e_Tg (1.5)

If a ('[,sium iodide (('sl) plat(' having the sam_,

transmittance as the Csl lens is placed over

the r(,f(,r_,n(',, cavity aperture and maintaim'd

at lllOil()('hl'llllllttor t elllperature, t his beeomes

S, --1--% (16)

In this way we would have a very sensitive

measure of ,,mittance where e approaches 1.O0.
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BY E. R. STREED, L. A. McKELLAR, R. ROLLING, JR., AND C. A. SMITH

LOCKHEED MISSILES & SPACE COMPANY, PALO ALTO, CALIFORNIA

Thermal radiation constitutes tile dominant

mode of heat transfer for an orbiting satallite.

Consequently, prediction of component tem-

peratures necessitates knowledge of tile thermal
radiation characteristics of vehicle materials

(ref. 1). Such data may be obtained through

infrared spectral refectance measurements per-
formed with a hohlraum.

A hohlraum is essentially a heated-cavity

reflectometer with walls at uniform temperature.
in the device under discussion the cooled

sample forms part of one wall. With the

exception of the solid angle subtended by the

cavity aperture, a cooled sample is irradiated

uniformly from hemispherical space. Energy

reflected from the sample in a near-normal

direction passes out the hohlraum aperture

and is compared monochromatically to the
radiance of the hohlraum wall. From a reci-

procity theorem of Hehnholtz (refs. 2, 3), this

ratio is equal to the reflectance of the sample

for similarly near-normal incident unidirec-

tional irradiation. This quantity will be re-

ferred to as near-normal spectral reflectance.

The most obvious advantage of this apparatus

is the spectral information gained. A less

obvious but very real advantage is that with

present, reasonably well-proved reflectance de-

vices, one may perform rapid measurements on

specimens of production surfaces with a mini-

mum of sample preparation. These features

are particularly useful to a space thermal

control materials development program, such

as that underway at LMSC (refs. 4, 5, 6).

The primary disadvantages are the many

sources of error and uncertainty which are to
be discussed herein. ('ertain of these have

received attention elsewhere in the literature

(refs. 7, 8). The purpose of this paper is to
outline a measurement correction procedure

and uncertainty analysis applicable to the
utilization of hohlraums as primary tools in

space material programs.

SYMBOLS

C2 Plank's second ra(liation const.ant (1.43S)
E spectral black body emissivc power, watt,s/cm2_
F,,. configuration factor of surface n to surface m

(fraction of radiation leaving surface n, which
is incident on surface m)

.l spectral surface radiance (sum of emitted,
reflected, and transmitted radiation flux per
unit area per unit wax elength), watts/cm_p

r ratio between two detected monochromatic
radiant flux densities (ratio-recording spectro-
photometer output); apparent near-normal
spectral reflectance as reduced directly from
reflectometer recording chart.

T temperature, o K
a spectral absorptance
aH hemispherical spectral absorptance
OtHw total hemispherical absorptance
I" spectral surface irradiance (total radiation inci-

dent on a unit area from all directions),
watts/cm_

spectral emittance
_H total hemispherical emittance
X wavelength (p)
p spectral reflectance
PN near-normal spectral reflectance

DESCRIPTION OF APPARATUS

The requirements for a device to determine

the infrared spectral characteristics of opaque
materials at room temperature were first pro-

posed by Worthing (ref. 9). Implementation
of the technique was achieved by Gier et al

(ref. 10) to form an integrated system with an

infrared spcctrophotometer. Additional sbni-

lar devices (refs. ll, 12) have been adapted to
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other equipment and the con_plete apparatus

is I)ow commercially available,

A genend view of tilt, e<luip,,,ent is shown in

figure 95-1. The <,riginal nl)l)aratus was de-
signed and ('_)llSll'ucted l)3: ( '- (_. 'M'llllW (l'et'. l:{).

The he_Hed-<mvity refle<'lcmleter (hohh'_tum) is
mounted above and to the side of the double-

beam m,>del la Perki||-lCh_e|' speclrophot<m>

eter. The saiuph' is 1,,cawd in a wllter-c,t.led

saniple hohler fhish wilh lhe lop of the <'avity,
suc]i thl'tt reflected OIIOI'_V froni the cavity Ciill

be viewed silnullanoouslv x_iili enero'v Clllilliltl-

in<." fronl ii portion of lhe cavity hotlsing:. The

energy is collecie_l hy _l doui)le-|)ealii Ol)lical
s)'slein illid directed inl<, the slimdard spec-

Irolueier optical vhlq)lfin 7 and irniis[er systeln.

Auxiliary eqlliplllOnl collsisls of a wilier pressllrl,

reTuhitor, ll water lOliiperature rogtihitor, lllid

autoniatic leinpcr_tttlre conlrol]ers for lhe

hohh'lluln, Diilli is prosonlod till il strip charl

Measuremenl of Thermal Radiation Properties of Solids

lls a function of wavelength for visual perusal

tmfore coiu]lh, le reduction.

The hotih'auiii iissenlbly, shown in figuro '.-)5 2,
is contained in ll double, slahiless steel radialion

shield Io lilillilliiZ(! losses lo the SUl'l'OtllldinTs

iI]l(l lo p.riilit Ol)orillion of the ,lppllrtllus wilh-

oul (,xct*s,->ivc t,X[Ol'lllll WltlOl' coolinu'. The type

311) staiHh'ss steel cavity is s{ in. thick, l>y sa{
in. hi<zh, lill_l " +" .• ;),r,l--IIi inside dialneior. The

cltvily b. lii_mnled ('oneentric lo ttie vortical

optical a×is nml ('lili t)O rol_lted ls0 ° to perniil

viewing oI' _at_lph, or reference 111'{,_1tlirougJi

either OlHiCiil Imaiii. A lelliperliltlre of <Hi)l) ° ('

is llliiinl:iincd withhl ±5 ° (' with till livt.'l'li_o

electrical I>owcr iilplll of 3200 v¢lltls. |)llwt'r

is furlii._ticlt t_l l}lree nntin tiealers by thcrliiO-

collj)lo-sell_.iiig,, liillTilelic-illuplitier conlrolled,

slltllral)h'-l'oaclor I1-(' powof SUl>l>lies. Tile neck

and illlicr-I.)llOln heillers ltl'(' iiililluall.v COli-

trolh'_l _ith variable lrltils[orlilers.

Pl_;ui_E 25-l.---Hohlraum <<uid .tssociltlcd ,-qili|Hli(qlk
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ROLLER BEARING

I"1,;I lo_ 25 2. llohlraum _{'h(,matic.

Tile w_tter-eoolcd sample holder accepts 1-in.

dia,leter s_mq)h,s. ('o_tted S_lllll)les arc pre-

pared on 0.040- to 0.060-in.-thiek aluminum or

copper substrates to achieve maximum coolin,,d.

('oolin_' water is adjusted to about 3-1b pressure

and can be temperature-('ontrolh,d with a mix-

ing wdve. The s_mlple hohler mount inclines

the Sal_ple-faee normal at)ou! 4 ° off' or the

sanq)le-aperture optic_ll axis to ensure thal

highly st)et'uhtr s_,nples do no! reflect a mirror
im,tg'e of the exit aperture.

The el)ileal sehemati(' show, in figure 25 3
illuslrates the sl)lil-benr, arrangement mnin-
rained unlil the radiation froth both beams has

been syn('hronously ('hot)peal. R,(liation ori_i-

nnting frol_l the reference _lnd sample areas is
('olle('le(I Ily i(lenlit'nl spherit'al mirrors .1l_.

The ra(linti(m is then directed lo i,lentieal plume

mirrors AI:,: lo iden!i('al spherical ll_ivrors -1L;

and fo('use(I on plane ,,h'ror M'_ to Form one of

the st(q)._ in lh(, system. It is then ('(dlected

a,d rediret'ted ill the h.riz()ntal ()l)li('al axis |)y

spheri('al I_ivr(,r .A/_ t- (he s_m_(1,rd Sl)('clr(,_-
eter (q)li('al transfer sysl(,lll. All st)heri('al

(,F,li('al eh../(,rlts in )he syst(,l, m'e e.ll)h)yed as

close to on-axis as possible to, reduce c(),la.

Alignment of tile system is perf()rltled by

direeting _l visible light beam lhr()ugh the

external i)()t'till the ]]]()IH)chl'()lll_It()l' ltIld into

the exit slit. The <)plies are initially nligned

I)y going through tile system backwards and

,l(ljusting ('_wh mirror for focus :rod vig, et-

ling. A erosshair m()u)lted in n sI)eeial open
hohh,r is inserted in the norm;d s,mple area.

The optical elements _lre .,Ijuste(I until an iin_tge

of the entr_mee-slit is properly I)ositioned on the
erosshai_s. The hohh'aum is then related lX0 °

and the other Ol)(i('al 1)eatll is simihtrlv a(Ijuslcd

for alignmen! an(I focus. Tile final alignment

is ae('omplislwd by inserting a slnall tungsten

source _md diffuser in the sample hohter and

ensuring that the opt ie_:d system provides i)rol)er

foeus and illumimltion of the entr_nce slit by
eueh t)e_tm.

Operational Procedure

After the hoblraum has achieved _ tmiforna

temperature, as indieated by optical pyrometer

or thermoeouple measurements, minor adjust-
merits are made to set the 100% and 0% levels

['or ratio reeording. By retorting the hohlraum

90 ° rrom the normal operating position, both

optical systems can view heated portions of

tile cavity roof. l_,y adjusting the dete('tor

opti('al elements .l setting is aelfieved _t which

no elmn_e in the 100% reference occurs when

the I/Io or Ill ratio is taken. This procedure

musl t)e followed throughout the desired

spectral range. The instrument zero is obtained

at the starting' wavelenglh t)y adjusting the

('hol)l)er phasin,: until an arl)itrary but e(oml

minimum sic'rod is re('orded when the individual
beams are blocked. A measure of cross-talk

(eleetronie ovcr-lapl)ing of one beam on the

other) ('an _llso be adjusted for a minimum at
this tim(,.

l{efhwtnn('e spectra are obtained after tile

100% m,[ _t "working" zero level have been

(h,termined ror tile wavelength interwd from

1.8 to 22.0 , (tlg. 25-4). The "working" zero

level is established I)y s('amlin,: through the

spe('tral range with tilt, sample holder oul.

This gives a zlleaStll'e el' the background and

scattered r_|diation. The itlstrulnent is oper-

ated with a sill-serve system which controls

slit width to provide ('onstant energy for the
lllOll(W]ll:'Olll_ltor r(_fcreil('e |)O_llll.
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AMPLE AND REFERENCE RADIATION

c-WATER COOLED HEAT SHIELD AND

,/EXIT APERTURE

M 4

_TO CHOPPER AND

__ _PECTROMETER

M4

vIEW A-A

M I

t

IDENTICAL MIRRORS \\ /

FOR REE AND SAMPLE _ _ A

FIGURE 25-3.--Optical

Wavelength calibration is accurate to 0.05

as performed with water, carbon dioxide,

polystyrene, and ammonia absorption data

points recommended in reference 13.
Because the largest interest is in ambient

temperature emittanee determinations, detailed

spectra are not particularly desired in the

1.8- to 6.0-_ range. A potassium bromide

(KBr) prism is used to provide sufficient
spectral resolution and to eliminate prism

changing. Therefore, no loss in accuracy is

attributed to the use of rt,latively wide slits

and a scanning time of about 7 rain to cover

the entire range. A response time commensu-
rate with the 2-sec full-scale recorder balance

and an amplifier gain with a 1% or less noise
value are used.

Data reduction is performed by use of a

Gerber variable scale set, with the ends of the
scale on the zero and 100% lines of the strip

chart (fig. 25-4). Reflectance values are tabu-

lated with corresponding wavelength-drive
drum numbers. A maximum of 150 points

IDENTICAL MIRRORS FOR

REF. AND SAMPLE

system ._chomatic.

can be used, but usually fewer than 50 are

adequate to define the curve without loss of

accuracy. The drum number is converted to

wavelength and programmed with the reflec-
tance values for reduction by an IBM 7090

digital (.omputer (reference 4). The computer

perform_ numerical integration, using one
hundred points, each of which represents a 1%

energy increment of black-body energy for a

particular temperature. The integrated value
is suhtracted from 1.0 to give total normal

emitt,mce :rod is routinely determined for 5

sample ten_peratures. The entire data reduc-

tion process is considered to cause an uncer-

tainty of ().(}1 in p.

BASIC EQUATIONS

In order to evaluate the effect of wall te,np-

erature on radiant interchange within the

hohlraum, the cavity surfaces have been

broken up into discrete zones, as identified in

figure 25 2. Each of these zones will be
assumed to have uniform but not necessarily
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FIGURE 25-4.--Typical hohlraum chart recording.

equal, temperature, irradiation, and radiance.

In the following development each term for

radiant flux (J, E, F) and for radiation charac-

teristic (p, e, a) refers to tde spectral value at

the measured wavelength.

The spectrophotonieter output represents a

ratio of two radiant energy intensities. The
three ratios measured and recorded in determin-

ing the near-normal spectral reflectance of a
sample arc:

, , Jo--Jc
r0_zero level=_

J2--,]_

gl --Jr

rL=sample trace=
J2--J_

where J_ is the radiance of the cavity top viewed

by one beam and J'_' the r_diance viewed by the

other beam when the cavity is rotated 90 ° from

the sample position. The apparent near-nor-

mal spectral reflectance is computed as follows:

r_oo= 100% level= !!,-- J_
J_ --J_

r= rl--ro (1)
rloo-- ro
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Even though temperature gradients ,nay exist

such that J'2#J2 and J':,'_J_, the cavity colt-

struction is such that J_'--J_. Using this ill

Equation (1) gives

Jl--Jo p:,,trl-- +:,,iH1--J,
r--j:_d. : d:_d,, (2)

If tile material spe(.inlen being measured is

suft}ciently thick, i. relation to its absorption

('oefticienl, to be "opaque" (for practical pur-

poses less than 1c_: of incident spectrM energy
transmitted), then l--p.v,--ax> If one then

states that ax_:<v_ then tile sample reflectance

is related to ill(, instrument response r t)y

• FJe--J(,-1 J,,--El
PP;I =] Lr, r;- (3)

Fimdly, if the cavity is isothermal, with the

exception of lhe aperture and the sample, and

it" the aperture and Snml)le are small enough to
have ne,a'ligible effect ol, cavity-wM1 radiances
then

llii(l

P.v_- +'+ (l--r) IC'--1¢'_
[q-f:; (4)

The second term on the rig'ht side of eqmltion

(4) corrects for the effect of sample emission on

inslrmnent response. In n l)roperly designed

and operated hohlraum this is the only signifi-
cant ('orrection required. Other sources of

error nre amenalde to evahmtion; however they
will 1)e tre,lted here as un('criainties, sin('e the

exact telnperature distribtliion and spectral
l)roperties ol' ill(, hohlraunl walls are unknown

and thus their elre<'ts cannot l)e apl)lied as
corrections to r.

ANALYSIS OF UNCERTAINTIES

The uncertainty in a nwasured value of p may

be <livi<led <'otiv<,nient]y into that connected

with the hohh'amu t)roper nnd that extermd to

the hohlrau,n, i.e., found in the optical system,

st)ectrol)hotonwter, and data reduction process.

Uncertainties Associated With Hohlraum Proper

('ertain errors are intimately ('onnecied with

the hoh]rnum ¢'o_dJg,'m'alJon and 1m_y 1>(,111Jm-

mized by l)rot)er design, i)epartures from

uniform, isot ropic sample irradiation are cause(I

t)y the inevitabh, departures fronl isothernml

wall coli(lilious, 1)y tile l)resenee of tile al)erture ,
and hy cavity wall sl)ecuhu'ity.

Attenli(,i is called to the term in equation (2)
for the Salllple irradiation, F 1. If there were

11o ielnpt'rztturc dilferences or apertures in tl)e

cavity lids t(,rin would be equal to E2, the

inon(tt'hrolmltic ('missive power of a 1)lack body

at 7". Ilowever, such is not the case, and eval-

llll.tioIl qt[' 1"] requires 't Stli/llllIitioll process over

tilt' interior oi the cavity. If tile hohlraunl willis

are dill'use ali(I al'O divide(l into :lI surfa<'e zones,

ea(']l (tf u.ifor,, radiosity J., then

3[

r, Y]. F,.J.
1

tr eqtlaliolis (t)-(3) are applied to lilCaStlre-

lllelllS of s]loctllar Sltlliples, P.vi liillst be carefully

evaluated. With perfectly specular samples Pj

is replaced t>y ,]_, tile radiosity of the bottom

o[' the cavity, sin('e the monochronleter sees the

mirror image of area 4. Unfortunately, most

materials are neither perfectly diffuse nor per-
fectly specular, 'tn(l interpretation of p:,,ll'l ill

such cases requires infornlation on the dire<'-

tional (lependen<'e or sample refle<'tance in

.tddition 1o the spatial disirit)ution el' energy

inside the hoillratllll. Itowever, tile two liinit-

ing conditio.s .f perfectly diffuse and perfeclly

specular ade(iu.ately tel)resent the behavior of
many enKineerin _ materials. Thus, the un<'er-

titinty in p_,, for these two ('llses will 1)e dis<.ussed

irl the folhlwin:_, para.a'raphs.

An t,xpression for the un('ertainty, At, ill
lll(utsllre_t values of rcllectailce d/le to the 11n-

<'eriahliv h/ ('avily leinperatltre regtihttion lllaV

t>e derNe_t [i-(tlti e(tualion (3) its li function of
wavelen;tli. Ilowever, rather than correct for

the efl'erls of llOll/llti['orlll wall telnperature, it
is </(,sirab!(' _o estfiblish li <'citer/on t'or u.ll

touiperliture rr'4uhdion which will result in ll
tolerable liIicci'lailitV hi retlectanee. The vahle

of Ar ol)lliine_l for it Kiven wall telliperattlre

uncertainly i_ al)proxilnately the SalllC ils the

ehitllTC ii_ iliMruliielit respotlse effeeted by a

given wall lClll[)oraltlre variation. An expres-

sion for i lip effect o2 wall teillperiillires oI1

inslruntonl i'ospolise, r, is derived aild plolted

lls _l ful}clJot_ of wavelen-'t}l, lot bOtJi diffllse

and specular snmplcs. In these (.olnputations
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the cavity walls were assumed to be grey and
diffuse, with e=0.7.

It should be noted that this error is affected

by the cavity wall radiation characteristics.

A black cavity (e-l.0) would incur greater

uncertainties with the same temperature differ-

ences (ref. 7), but would be easier to maintain

at near-isothermal conditions. Conversely, if
wall reflectance were increased from 0.3 to 0.7

at 10 _, the error in spectral refllectance of

diffuse samples at 10 _ for a given temperature

distribution would be decreased by 10_)._

(see fig. 25-7).

The viewing aperture not only affects the

sample and reference area radiances directly,

as a source of low-intensity irradiation, but

indirectly, through ]laving the sante effect on
the cavity walls. The indirect effects on re-

tlectance measurement are second order; only
the direct effect will be discussed here. This

can be shown to cause measured values of

rellectance for perfectly diffuse samples to be

low by the amount AA, where kA--rF_a(1--p_)/

(1 --1"_3). With perfectly specular samples, this
discrepancy does not occur since no radiation

reflected directly through the aperture by tile
sample comes directly from the aperture. With

samples of intermediate spccularity this error

is difficult to assess; again the directional de-
pendence of reflectance must be known. It is

possible to envisage a sample with a reflection

distribution function or partial reflectivity such

that the error in reflectance would be greater

than that for a perfectly diffuse sample.

Wall spccularity influences errors due both

to wall temperature nonuniformities and to the

aperture. While the magnitude of this effect
is ditiicult to assess, it is obvious that it is

(lesirable to have a diffuse inner cavity surface

and thus eliminate this source of uncertainty.

The presence of the cooled sample itself dis-

turbs the isotropic nature of the cavity radia-
tion exchange. The greatest effect is that on

the radiosity of the reference area (zone 2).

If this sample-to-reference area radiation ex-

change is consi<lered alone, it is found that

the net effect on spectral reflectance values

will be equal to or less than A1 where

If care is not taken in design of both the sam-

ple holder and the cavity heaters in the vicinity

of the installed holder (zone 5), significant cool-

ing of the adjacent cavity walls will result.

Criteria similar to those developed in the next.

section for temperature gradients apply here.

Fortunately, reflectance measurements are less

sensitive to departures from isothermal condi-

tions here than in other sections of the cavity

wall. The term for the zero-level intensity in

equation (3), J0, should be accurately deternfi-

nable; the uncertainty in reflectance due to

uncertainty in J0 is given by

&,--[(1 --r)/Fl- E_)12Jo

Consideration of tile methods used to obtain a

"working" zero level reveals that the Value to

be used for J0 depends upon proper evaluation
of the radiance of the laboratory walls in the

vicinity of the inst.rument. For a large enclo-
sure the wall radiance is closely approximated

by that of a blackbody at. air temperature, un-

less the "zero" sight directly views a heating

duct or other such local hot spot. If care is

used to eliminate the possibility of sighting on

a hot spot., then the use of Jo=E_oom t_m,

is justified with a possible small error in
room temperature evaluation. If room tem-

perature is determined to ±2 ° (' then AJ0

=2X10 -s watts/cm2-g at. 20 g, which gives

A0:1.9 X 10 -3 as an estimate of the magnitude

of this term. A wavelength of 20 a is chosen for

this computa.tion since the error in Jo is greatest

at long wavelengths and 20 _ approaches the

upper useful limit of the present instrument.
As mentioned, the effect, of sample emission is

a calcul'tble error which may be applied as a
correction to the observed wtlue of reflectance.

An expression for this correction is given in

equation (4), and shown as a function of wave-

length for various sample face temperatures in

figure 25-5. A similar expression for the effect

of sample emission on instrument response is
derived later in equation (6). The evaluation of

this effect can have a significant uncertainty

itself, A_:, due to difficulties encountered in sam-

ple temperature measurement. It should be

kept in mind that in general the sample has })oth

axial and radial temperature gradients. Al-

though these can be minimized through proper
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FInURE 25-5.--Effect of sample emission on reflectance
meastlrements.

sample holder design, tile uncertainty in tem-

perature measurenwnt must include both the
error in the measurement per se and the nmge

of temperatures found due to these gradients.
This problem is covered at. greater detail in the

discussion of experimental techniques. Tlm re-

sultant uncertainty in the sample emission cor-
rection for a uniform surface temperature is

given by:

a, - _b [- -r)(E,-/L) 7
_-aT, L 0 ff.,---_._ J

(l--r) (E2--Eo) E_4,e _ l
(E._--E,)-(e;-i)T_

where

Sources of Error External to Hohlraum

The advantage of a comp!ete double-beam

system is apparent in attempting to assess the
sources of measurement errors and their inagni-

tude. Although the spectrometer may not be

operated with maximun_ utilization of energy
because it is adjusted to provide equal energy

from both beams on the detector, it. is by virtue

of this equality that factors such as slit-width
variations, chopper-temperature variations, (lif-

ferences in optical systems, and electronic, drift

are minimized. A measure of the stray and

scattered radiation is determined by running a

"working" zero with each run. The resulting

signal is subtracted from both sample nnd 100_

levels in obtaining vefleetan('e values (eq. (1)).

Measurement of Thermal Radiation Properties of Solids

In spite of the ratio-recording feature there

still exists an uncertainty in the absolute value

of a result due to changes in optical path condi-
tions and alignment, nonreproducibility of silt

width, and amplifier drift. The only way to
assess the magnitude of such difficulties is

through a comparison of results on standard

samples which are run each day. Observations
conducted in this laboratory indicate that re-

producibility of results is effected to ±0.01 re-
flectance units due to the above possible varia-

tions. This will be taken as an uncertainty in

near-normal spectral reflectance:

2h =O.O I

Summary of Sources of Error

The preee<tin_ discussion will now be sum-

marized. The al)parent near-normal reflec-
tance, r, is rehtled to the sample reflectance by

equation (5) :

o,,,=,'_ (1 "_ kk_J

where the A terJns are the estimated uncer-

t.tinties in the absolute value of p,_ after the

sample emission correction has been applied.
Following the experimental ewduation of several
of these errors, the uncertainty analysis and

correction proredure indicated in equation (5)
is carried ()lit. for measurements l)erformed on

three specific samples.

EXPERIMENTAL EVALUATION

A program was undertaken to obtain experi-

mental verification of the magnitude of errors
associated with non-uniform hohlraum temper-

atures and sample emission. To effectively
demonstrat.e these errors, the hohlraum temper-
atures were varied in several zones and sample

temperatures were w_ried over extremes which
exceeded those expected in normal operation.

Three different samples were used to demon-

strate the effect or the errors for the full range

of sample types normally received by the
labol'at(w_'. [)_tI'SIJlI'S black painl was chosen

I(, illuslral(' l}lal sample heating causes signi-
lie, hi (.vvo,'s it_ rt,llectance det.ernfinali(ms for

go(J(I (,,,litlers and that tiffs error can exceed

1()0_: f,, lhi_ i_,lerial. Fasson f, il, a highly
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specular aluminum foil, was chosen to (:learly
illustrate tile errors caused by h()hlraum t e,))-

perature wn'iati<ms and also t()sh()w (hal g()od
reflectors exhibit very small effects from san)ple

heating. Oxidized stainless steel was use(| (()

if|us(rate both effects on a sample whose pro-

perties lay sonwwhere belwt,en (he other (w()

cx(remcs, b()(h in speculari(y and in reflectance.

Previous experience with these sat)re sa)nples

has shown that (heir optical properties are not

alrected by exposure to the temperature levels

associated wilt) these measurements. However,

in or<ler to assure that some small c]mnge would

not take place during the investigation, all

samples wcre first, run at the highest sample
temperature, with all subsequent ot)servations

made at lower temperature levels.

The Parson's black paint sample was prepar-

ed by spraying a /-in. thM% 1-in.-(liameter

copper disk with two coats of the paint l)mterial.

This produ('ed a uniform 2-rail coating over the

sample. The spraying was accomplished after

the slmiple wits instrmnented and placed in the

water-cooled stmrple holder, which allowed the
measurements to be complete<l wilhoul furlhor

handling of the surface.

The Fasson foil sample consisted of a 2-rail

thickness of foil attached to a _/_-in-thick, 1-in.-

diameter copper disk, which was then plaee<l
in the sample holder. The surface was no(

cleaned prior to the hot sample runs, so there
are bands evident in the (lata whi<.h are caused

|)y the prote<.tive coating placed on the alumi-

num foil by the manufacturer. The surface wits
cleaned prior to the runs made for ewfluation

of the effects of hohlr'mm temperature varia-
tion.

The stainless steel sample was a }_-in.-thick
disk which had been oxidized for several hours

at elevate(l temperatures so that its Ollti(.al

l)roperties would |'all l)elween (hose of the high
emitler and refleclor. The optical properties

of this Saml)]e were shown to be stal)le by re-
peated runs over long periods of linw.

All samples had 36 B & S gage ('hrornel-

Alunrel thernrocouples mounted on the l)ack

surface for sample temper)tture determinations.

The thermocouples were protecle(I from tire

sample coolant I)y a very thin rul)l)er sheet
and a secon(t copper (lisk behind the sheet.

This arranger)wnt protected tire thermoeouple

junction and the h,ads so that conduction and

conve<'tion losses were el|rain.tied anti true

sam]lie l)a('k-surfa(.e lcml)eratllres were Ir)eas-

urcd. Analytical estimates of (he temperature
gradient through tire san)pie thickness show

that the gradient is highest for the Parson's

bla<,l< sarnl)lc (lue to its high absorption and low

tlwrJ)ml ('on<hwtivity. The estimated gradients

at the (.enter of thc viewed area through the
Saml)]e lhi('kncss wcrc as follows:

• ]'arson's black: A7'=21 °('

• stai)desss(eel: aT=3 °(_

• Fasson foil: ..XT'= l ° ('

These estimates are based upon an analytical
solution for one-dimensional ]mat transfer

through the sample and do not represent actual

measurements on tile surface in question.

Measurements were also conducted to provide

some knowledge of the temperature gradient

along the radius of tile sample. 3"0 accomplisll

this three Chromel-Alumel thermoeouples were
mounted on the t)aek of the Parson's black

specimen and their output recor(ted as a

function of eenterline sample temperature.
The results of these measurements showed that

the radial gradient, does not exceed 15 ° (!,
which would not, affect the reflectance measure-

ment more than 0.015 reflectance units.

The effects of hohlraum temperature varia-

tion were determined with the three samples

run coht. One of the hohlraum temperature
<listributions was taken as a base from which

the other (tistributions were varied in order to

demonstrate the change in instrument reponse

from this |)ase cavity con(lit|on. The temper't-

tures used as a reference state were--top,

809 ° ('; side, 828 ° (J; bottom, 814 ° C--which

shows that there was (leparture from a hohlraum

state. Thus, tim changes in reponse due to im-

posed teml)eraturc w_riations shouhl )tot be in-

terl)rcte(I (lirectlv as changes from an isothermal
condition.

The construction of tile cavity is such that

it is not possible to change the lemperature of

a given section uniformly. For example, when
the side heater current is reduced the center

portion temperature is re<luce(I significantly
more than the end sections which continue to

receive energy from tile lop and bottom heater

(tig. 25 2). Thus, the change observed in r
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for a given section temperature change is not

expected to be as large as that predicted by

analysis for a change of the entire zone.

Temperatures were measured at the beginning
of each run after stea(ly-state conditions were

achieved. "Side" temperature is the eent.er of

the side wall, "top" refers to the reference

area opposite the sample port of the top of the

cavity, and "bottom" refers to an area half
way between the viewing port and the side

wall directly beneath the reference area. These

loeat.ions were chosen as representative samples

of the desired gross area temperatures.

In order to compare the experimental results

to analytical predictions it is desirable to
return to equation (2) and derive an expression

for the change in instrument response with

specified fion-isothermal ('onditions and hot

samples. From equation (2) the apparent
reflectance as indicated by the refleetometer

apparatus is

J1--Jo_ PN_+ _.vlE1 --J0
r_

J:--Jo J:-Jo

Using the relations 1-o.v=c_,_, and aN=ex for
monochromatic exchange with opaque materials

Measurement of Thermal Radiation Properties of Solids

and defining 5--r--p.v_ results in equation (2)

taking the Form

rl-J_ . "1 , El--Be
::: P_I f-_-# ( -- P:¢1),-2-,,o J2-Jo

((_)

From the definition of _ it is seen that equation

(6) is an expression for the difference between

the instrument output and the true reflectance,

which shows the effect of non-uniformity in

the ('avity and sample emission. Of course,

when the cavity is uniform, such that r_=J2,
and the sample is cooled, such that E_=Eo,

then 5-(), giving PN_=r. With the form given

in equation (6) it, is possible to compare the

analytical predictions of changes in instrument

response with those observed in the laboratory.

Table 25-1 presents a numerical comparison

of the observed trod predicted change in instru-
ment response for a specific change of temi)er-
ature distribution in the hohlraum.

The tabulated values were taken from figure

25-6, which ])resents the observed ratio, r, as a

function of _'avelength. The predicted values
were t_tken from the results of a network solu-

tion for wall ratlianees with stated temperature

12
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z 0,6

i.-
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b._

0.4
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"o,
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FIGUNE 25-6.--Hohlraum data showing effects of nonuniform cavity temperatures.
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TAm, E 25-I.--Effect,_ of Cavity Temperature Distribution on, Spectral Reflectance ,l[easurement,_

Sample Type

Black paint:_ _

()xidized stainless steel___

Fasson foil

k
(u)

Ap*

Bottom AT=--71 ° C

Theo.

--0. 002

--. 001

• O005
• 0002

Ap*

Top AT=--29 ° C

Exp.

+0.01

+.02

I

Theo.

! 4 0. 002

+. o01

+. 001

+. 0OO5

+. oo7

+. 006

-F. 005

+. 005

+. 004

+. 002

+. 225

+.14

+.11

+. OS5

+. OS

+. 075

_p*

Side &T=--28 ° C

Exp.

+ 0. 02

--. 01

Exp.

1. 46 --0. 01

2. 55 . O2

4. 55 --. 01

6.10 _ _

l O. 0

14.0 --. 01

17. 0 . O1

1.46 ......

2. 55 --.01

4.55 --. 03

6.10 --. 04

IO.O .06

14.0 --.02

17. (1 .03

1. 46 . 4(1

2. 55 --. 24

4.55 . 17

6. 10 --. 13

10.0 --. 11

14.0 --. 0_

17.0 --.06

• 003

--. 004

--. 002
--. 002

--. 001

--. 001

--. 26

--.15

--.12

--. 0S

--. 075

--. 070

+.01

--, 005

+.01
+. 005

...... i

+. 26

+.16

+. 09

+. 06
+. 05

+. 045

+. 035

--.04
--. 04

--.05

--.03

--.01

• 06

-. 02
-. 03

-. 02

t Theo.

0. 002

--. 001

--. 001

--. 0005

--.006

--.005

--.004

--.003

--.003

--. 002

I

Experimental Ap IS not given where a ehage In a Is less than ±0.01 since this Is the expected value of instrument error.

levels. The analysis assumed a wall emittance

of 0.7 throughout the spectral region of interest.

Some of the analytical results are shown in

figures 25-7 and -8. The comparison was not
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+OO$

+0O4

+003

+002

+0OI

St

r,

-0(

T4 • TEMPERITURB OF BOTTOM OF CAVITY

-00;
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-O04

-OO

r 4 • TI • 830"C_

/

/
T4 • Te • YTO'C

t

[
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f
T( • TEMPER}TURE Of BOTTO_ OF CAVITY --

t 6 • T_UPERaTU_E Or SLOES OF CaWTV

t_ _J_N AT)O_,,T('_'S_O'C j CaV)TYWALL_M_TTaNCE

O _/P_ AT _T_, _. 770° c j ASSUMEO TO 8E O_ l

0 )o ZO

x ( miCRONS

-00,

10

k {MICRONS )

FI(;URE 25--7. Effect of cavity lemp(,rature variations

on instrument responsc (perfectly diffuse samples).

Fret;RE 25-8.-- Effect of cavity teml)eratur(_ variations

on instrum(,nt r(,spons,, (perfectly specular sample).

expected to be very good since the temperature

of any one region or zone could not be varied

uniformly in the actual cavity. In addition

there is normally only a ±.01 accuracy in

reproducing results for any one value of p,v_.

692-146 O--63--17
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Considering the experimental difficulties the

comparison in Table 25-I is reasonable.

As was expected, the effects of nonuniform

temperature are greatest for high reflectors, and

bottom temperature changes are particularly

important for the case of specular samples.

The close agreement between observed and

predicted values for the aluminum was better

than expected in view of the large temperature

gr-adient near the viewing port of the cavity.

In view of the apparent agreement in Table

25-I, it appears reasonable to use the analytical

expression in equation (6) to establish a basis

for temperature control. The results, when

based upon a hohlraum temperature of 800 ° C

(r=l.0, E,=Eo, and X=2.0 _), indicate that

temperature uniformity should be maintained

to /=2 ° C for $<0.01. If such accuracy is not

Measurement of Thermal Radiation Properties of Solids

necessary at short wavelengths, then less precise

control is required. For example, if an uncer-

tainty of =L0.01 is desired at wavelengths longer

than 4 _ only, then control to /=15 ° (? is

adequate•

Tl_ble 25-i I is a comparison of predicted and

observed changes in instrument response, Ar,

due to sample temperature increases. The

experimental data for the table were taken

from experimental determinations shown plotted

in figure 25 -9. [n the figure, the values of AT

are increases in sample temperature above the

lowest temperature possible with the present

holder. The comparison of observations with

predictions for sample emission is good, showing

that sample emission corrections can be applied

with (.onfi(ter_cc where sample surface tempera-

ture is known.

TABLE 25-II.--Effects of Sample Temperature on Spectral Reflectance ,_Ieasurements

Black Paint

Sample Type

Oxidized stainless steel

Fasson * foil

A

5,)

4.55

6.10

S. 0

12. (}

16.0

19.0

4. 55

6.10

_. 10

12.0

16.0

19.0

4. 55

6. 10

,_. 0

12. 0

16. 0

19. C

Ar Ar

Exp. Theo.

AT=+15 ° C

0. 001

.005 .002

.01 .005

. 01 . 010

.015 _ .013
i
I

AT=+30 _ C

0

0 o. 002

. 03 . 003

.02 .00_

.02 .013

• ol . 014

2, T=+15 ° C

(I

0

{) __

0 (). 0006

• 01 .001

• I)1 .0(113

Exp. Theo.

AT=--_° C

0 __ _

.005 O. 011

.02 .015

.03 .030

• O4 .041

• 05 .046

AT----780 C

0 - -_

0 O. 004

.02 .0O9

• 04 .025

. (}_ . O33

• o_ .050

AT=+35 ° C

0 ....

0 _..

o i 0. ool

0 .002

• 01 .003

.01 .003

*Variations observed with Fasson foil were of the same order of magnitude as instrument n()isc, wilh only a trend toward increasing a observable•
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FInunz 25-9.--Hohlraum data showing effects of sample temperature.

APPLICATION OF ANALYSIS TO HOHLRAUM
DATA

The uncertainty analysis and corrections

procedure outlined in the previous sections will

now be clarified by application to the data ob-

tained in the sample emission runs shown ol)

figure 25-9. The analysis was performed for

each material at the lowest sample temperature.

The results of the computations are presented

in table 25-III.

The first step in the process is to correct r, the

indicated reflectance, for sample emission in

order to obtain a nominal value of p._-. The

accuracy of this correction depends upon an

estimate of surface temperature, which is in-

ferred from the backface temperature. The

TABI.E 25-III.--Application oJ Correction and Uncertainty Analysis Procedure to Hohlraum Data

Material

Parson's black paint

()xidiz(.d stainloss steel

Fasson almnimtm foil (w/

lacquor)

(#)

2

5

10

2O

2

5

I0

2O

2

5

I0

2O

r

0. 05

• 10

• 02

• 07

,1,_

• 27

• 33

.51

• 94

• 97

• _0

• 95

TB*

(° C)

40

40

40

40

27

27

27

27

46

46

46

46

Ti** (Est.)
(o C)

61 ± 10

61±10

61 4- 10

61±10

30¢ 2

3O _ 2

3O ± 2

30 ± 2

47:_ 1

47±1

47_ l

47±1

I

Sample emission
correction

_0

--0. 001

--. 017

--. 032

_0

--. 001

--. O03

-. 004

_0

_0

--. 00 l

• ()01

pN a p ,V

0. 05 ±0. 01

. 10 _. 01

• 01 ±. 01

• 04 ±. 02

• 1N ±. 01

• 27 ±. 01

• 33 ±. Ol

• 51 ±. O1

• !)4 ±. 02

• 97 ±. 01

• SO ±. Ol

• 95 :_-. ()1

*T u: temperature of back face of sam pie.

** Tl: temperature of front face of sample.
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third column of table 25-1II shows the data

used in this procedure and indicates the prob-

able temperature error introduced.
For the hohlramn configuration used it is

found that tile effect of sample-to-reference

area radiant interchange will give a maximum

uncertainty, At<0.0003. The uncertainty in
evaluation of Jo hy using J0=E .... ,_,,_ gives

A0_<0.002 at tile ongest wavelengths, where k0
has its maximum value. The uncertainty Aa

due to the aperture is also small for the present
bohlraum and has the maximum value of Aa =

0.0003 for a diffuse reflector. The value of this

term can be higher for tile oxidized stainless

steel due to its specular nature; however, this

could not be expressed quantitatively due to
the lack of data on the directional dependance

of sample reflectance. _r, &,, and Aa were not

included in the results t)resented in table 25-I ! I
due to their obvious negligible effects.

The remaining uncertainties in equation (5)

were evaluated as functions of wavelength to

determine AO.v. In the derivation of the re-

maining terms, it has been assumed that these

terms (ZE, At, A,) are essentially independent

since their causes are small perturbations about

tile ideal condition. In the final summation,

it may .then be concluded that each error has

an equal probability of being within its assigned

uncertainty interval. The uncertainty interval

of px, as given by ± Apx, is then best evaluated

by taking the root-sum-square of z_., At, and

A,. The probability that the error in any

particular measurement of px will be less than
Ap.v is the same as that associated with the

individual errors and their respective uncer-

tainties (AE, At, &,) (ref. 15).
For the measurements performed on Fasson

aluminum foil, the mwcrtainty due to cavity

temperature non-uniformities Ar and external

instrumentation A, predominated. With oxi-

dized stainless steel, _, was more important.

Uncertainty due to sample temperature meas-

urement, AE, was significant only for Parsons

black, and then only at long wavelengths. At

20 u, AR_A_; A, was the only other significant

source of uncertainty with Parsons black.

DISCUSSION OF RESULTS

The direct measurement of infrared spectral

emittance of coatings and materials at ambient

room temperature is impractical because of the

small intensity of radiated energy. Therefore,
a reflectance method which provides sufficient

energy, is reproducible, illuminates the sample
diffusely, has a simple sample configuration,

and permits ral)id sample changing and meas-
urement is desirable.

The hohlraum apparatus meets these require-

ments, tnterpretat.ion and application of the

data obtained by the apparatus must be gen-

erally tempered with knowledge of the physical

principles involved. Data nmst be correcte(l

for speciiic operational characteristics of asso-
ciated optical equipment and for sample emis-

sion in some instances. The theoretical analysis

and experimmJtal evaluation presented is appli-

cable where the apparatus is used in a routine

manner to investigate materials with special

optical propmqies, to screen commercially a wdl-
able materials for optical characteristics clas-

sification, and to study changes in optical

properties with composition, application, or

environmental-exposure variations.

As indi,'ate(t in the analysis of instrument

error and operating procedure, many of the

inilerent or possil)le equipment uncertainties are

reduced I)y ulilizing tile double-beam system
with a 10llq_: level and a "working" zero level

established at the beginning of each run. Es-

tablishing these values for each data chart on
which four or five sample values are recorde(t

provides an hourly correction for changes

in equipment performance. Additional opera-

tional un('er! ainties are minimized by measuring

"working" standards of highly specular reflect-

ing an<l diffuse absorbing materials at. the begin-

ning of ea<'h day's operation.

The analysis of uncertainties for the three

measured samples shows that the normal sl)ec-

tral refle(qance may be obtained to within
±0.02 reflectance traits when sample emission

correction_ _re applied and hohlraum tempera-

tures ('arefullv revula.ted.

This r_,pres(,nls a large l)ereentage error in

retle('tan('e for high emitteI.'s; however, where a

low-tenlperalure emitlance is inferred from ti_e

ref]ect0.n,'e, (]le error in ¢,v is of the same order

of magnitt](le as found in radiometric metbods.

Inferring ev in the same way for Fasson foil

results il_ ,_ large percentage error in emittance

(10 to 3o%).
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In addition to the uncertainties and errors

discussed in the reflectance measurement tech-

nique, t he d irec/ional depend en<'e of tile sam ple

must be considered in interpretation of the

results for spaceeraft, design use. The infrared
ra<liation characteristic most often desired for

heat transfer calculations is the total henri-

spherical emit/ance, while tile wflue obtained
from tile hohh'aun_ <letermination is near-

normal reflectance. TI,e calculation of near-

normal absorptance from this expression is

I-p_v--otv for opaque systems. A value for

total henfispherical absorption, from which is

inferred a value of total hemispherical emit-
iltllCe, IIIllSt then be obtained. The total

hemispherical absorptance is commonly com-

puted through use of the multiplicative factors
derived by Eckert for aur/a.vr (ref. 15), which

can al best be consi<lere<l as an approximation.

In reference 16, this expression is shown to be as

much as 12% in error when compared to ex-

perintet/tal values. I)etailed knowledge of tile

directional radiative behavior is required to

accurately evaluate _,,- from spectral reflect-
ante measurements.

In conclusion, with proper hohh'aum <lesign

and operation, u(ilizing the ratio-recording tech-

nique and correcting for the effect of sample
emission, it is possible to perform rapid meas-

urements of infrared spectral near-normal
reflectance with uncertainties of 0.02 reflectance

units. Values of' total hendspherieal emittanee

may be estimated fron_ these measurements

with suitable accuracy for material screening

and evaluation 1)urposes. Furthermore, when

utilized in an inter'rated therlnal radiation

characteristic Jneasurement program, tile hohl-
raum wflues provide a valuable <'hei'k on the

emittant'e dala obt,dned with other techniques.
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26--RADIATIVE PROPERTY MEASUREMENTS

OF THERMAL CONTROL COATINGS

FOR SPACECRAFT

BY M. A. TURNER

MSD/GENERAL ELECTRIC, KING OF PRUSSIA, PENNSYLVANIA

The major problems in establishing the reliability of thermal control coatings in space-

craft are the measurement of their radiative properties-solar absorptance, emittance and

transmittance, including their dependence upon angle of incidence--and the prediction of

the effect of pre-flight, ascent and orbital environments upon these properties. For high

precision each type of coating requires a different measurement approach as well as a tailored

procedure for evaluating the environmental effects.

Spectrophotometers which measure reflectance yield the greatest accuracy for materials

having reflectances near zero. Surface emission and other extraneous sources degrade the

accuracy of the emittance determination for such specimens. However, these instruments

yield large discrepancies in determining the values of highly specular surfaces having very

low emittance or solar absorptance. The properties of such surfaces are measured with

greater precision by calorimetric methods in a model solar simulator.
A set of reference coating samples, a flat absorber, a specular reflector, a solar absorber,

a solar reflector, and a couple of intermediate types are employed as a means of "calibrating"

the spectrophotometers for routine measurements by comparison with direct calorimetric
measurements in a vacuum, and with measurements obtained in other laboratories.

In long-lived vehicles, such as the astrophysical communications and weather satellites,

degradation of the radiative properties, usually in the form of darkening of white coats and

clear films, comes about principally as a result of pre-flight smudging, solar ultraviolet and

long-term Van Allen belt irradiations. The uncertainties in predicting these effects are

greatest for surfaces having low values of solar absorptance and emittance or high trans-
mittances.

The reduction of the limits of uncertainty in

the predicted radiative properties of surface

finishes and coatings applied to long-lived

vehicles such as the communications and

weather satellites yields greater flexibility in

the use of passive temperature control. The

requirements for active devices such as ther-

mally sensitive shutters or added battery weight

to provide temperature control are reduced.

These limits involve a number of factors of

which the more significant usually include:

(a) measurement of radiative properties

(b) formulation and application procedures

(c) pre-flight maintenance of coatings and

orbital environments

This assumes that the surfaces are protected

by shrouds from thermal degradation during

ascent.

Since errors in measurement are significant

in all coating evaluations, a method of reducing

limits of uncertainty in radiative property

measurements is the first concern of this paper.

It is partially substantiated by internal experi-

ence as well as by the literature (refs. l, 2, 3).

The procedure utilizes:

(a) routine normal reflectance measurements

over the solar spectrum and the black-

body emission spectrum at vehicle skin

temperature with in-house spectropho-

tolneters--Perkin-Ehner model 205 and

Beckman DKl ;

(b) preparation of four or more types of

stable reference surfaces--black organic

enamel, black and white porcelain en-

amels, siliconized aluminum mirrors,

aluminized silicone--for use as bases

253
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of comparison of the spectrophotometric
measurements with calorimetric measure-

ments and measurements in other labora-

tories;

(c) use of calorimetric determinations of

radiative properties of the reference

samples in a "solar simulator"--liquid

nitrogen cooled cold wall vacuum cham-
ber fitted with mercury, (Hg), Hg-argon,

Hg-xenon, xenon, or other lamps--as a
check of the results from the in-house

spectrophotonmters ; and

(d) check measurements obtained at other
laboratories.

Subsequent. sections deal witil tile environ-
mental factors in the order listed.

Finally, the relative importance of the several
measurement and environmental factors as

applied to different types of surfaces is con-
sidered.

SPECTROPHOTOMETRIC MEASUREMENT
ERRORS

The speetrophotometric spectral reflectance

measurements are reduced to yield integrated
values of solar reflectance or reflectance over a

blackbody spectrum at. the satellite operating

temperature. The basic relationship is:

o_ p_Sxdk

P--fo = S_dX

where

px=spectral reflectance or the dimensionless
fraction of the incident source radiation of

wavelength k which is reflected by the
given surface,

Sx-----monochromatic source intensity, energy X

area -_ ,_: time -_ X unit wavelength -_, em-

ploying the Johnson curve for the solar

speclrum or a blackbody spectrum at
thermal temperatures.

Subtraction of integrated reflectance from

unity yiehls the desired solar absorptanee or
emittance.

The evaluation of the spectral reflectance

poses tl_(, principal problem. The following

analyses of errors involved in the integrated

reflectances yields the basis for "comparison"

with alternative calorimetric techniques. The

errors consist of two components--the sys-
tematic bases and the random limits of uncer-

tainty. It is noled that ttm magnitudes of these

errors in reflectance affect high values of solar

absorptance or emittance (i.e., values over

0.85) by tess lhan 5%. On the otherhan(l, the

limit of uncertainty in a nominal value of
emittance of (I.05 is +60°_0±_0%

Solar Absorptance

A Becknmn DK 1L spectrophotometer,

equipped witt_ a magnesium oxide (MgO) coated

integrating sphere, yields the spectral reflect-
ance of a surface for monochromatic radiation

over the wavelength range of 0.2 to 2.5_.

The signal from the surface is compared with

that from a reference MgO surface. The total

solar reflectance of the reference MgO surface is
assumed to be 0.95. The sources of error in

the solar reflectance of the surface in question
are summarized as follows:

So_rce of error

(a) Degradation of reference MgO sample and the in-

ternal MgO coating on the integrating sphere.

(b) Comparison of dissimilar samples with MgO ref-

erence.

(c) Miscellaneous error overall ............

Error (_) may lie heht to +0.01 by normal

maintenance of the reference MgO sample an(l

the internal NigO coating of the Beckman

sphere.

Edwards et al. (ref. 1, 3) claim a precision

of ±.015 with their spectrophotometric equip-

Magnitude of error

N pecular Diffuse

-0.01 t.o 0.08 +0.01 to 0.08

- 0.05 max --0.01 max

i 0.0(}5 +0.006

0.03 _ ().01 +0.01 -- 0.01

ment. However, their measurement of reflect-

ante of t}hainum at 2g as a function of angle
of incidence was biased from the reflectance

curve calculated from the fresnel equation by

a magnitude of --0.04. Thus, there may be a
bias in the solar reflectances obtained with an
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integrating sphere greater than ±0.015 for

specular samples.
Xliscellaneous errors due to direct irradia-

tion of the det cot or and nonlinearity of detector

arc suspected.

Emlttance

The following errors are inherent in the

1)erkin-Elmer model 205 hohlraunl-nmnochro-

,nator-spectrophotometer:

Magnitude of error

Source of error Npecular Diffuse

(a) Temperature gradient in hohlraum ...... +0.03 ± 0.03

(b) Exit port (assuming a 1_/2 in. diameter port. and a --0.018±0.01_

distance from sample to port of 4 in.).

(c) Emission of sample ........................... nil negligible

(d) Nonlinearity of detector ................ +0.01±0.01 unknown

(e) Correction from "normal" measurements to hemi- ±0 to 0.02 ±0 to 0.02

spherical reflectanees.

(f) Miscellaneous errors due to extraneous sources, ÷0.022±0.04

optical aberrations, spectral shift of reflected
beam overall.

+0.03±0.03

--O.O1S ±0.005

+0.032±0.04

Error (a) was observed by operating the

hohlraum at different temperatures and mcas-

twing refleetanees on the same samples) The

integrated values of emittanee varied with

hohlraum temperature as follows:

tlohlraum temperature, °C. E at 100 ° F.

900 ................ O. 80

750 ................... 92

400 .................. 94

STANDARD REFERENCE SURFACES FOR COM-
PARISON OF SPECTROPHOTOMETRIC
WITH CALORIMETRIC MEASUREMENTS

The selected reference surfaces are prepared
by coating all surfaces-4ront, back and

edges--of }_-in. diameter by 0.062 in. thick A1

or steel mounting disks. Each mount is fitted

with a thermoeouple "_s shown in figure 26-1
prior to coating to permit mounting for calori-

metric radiative property determinations. The

t.hermoeouple lies in the plane of the disk and
is brazed or welded at the center to reduce

temperature sensing errors during transient

heating or cooling of the samole. The dimen-

sion of the disk is selected to permit mounting

in the speetrophotometers as well as in a eohl-
walled solar simulator.

The selection of the standard reference sur-

faces is based principally on stability against

storage, handling, measurement and cleaning

] I'npublished data from C. Foster, MSD, General
Electric Co.

treatments as well as suitability as references

for different surface types. The ttqt absorber

types are compared with black ref'cren_il:

faces, e.g., a matte black porcelain enamel.

The flat reflectors with specular surfaces are

compared with siliconized ,lunfinum mirror

references. The solar reflectors are compared

with matte white porcelain enamels. The

solar collectors are compared with aluminum
mirror references.

The calibration procedure--comparing spce-
trophotometrie, e.dorimetrie and outside labora-

tory measurements of radiative properties of

the reference samples--must account for aging

1)y such factors as handling and atmospheric

reaction, as well as random errors and system-

atie biases in measurements. Weighting of

the different types of measurement will depend

upon the type of surface flat qhsorl)er, solar

collector, flat reflector or other- and the degree

of randomness and reproduetibility of the
measurements.

ERRORS IN CALORIMETRIC DETERMINA-

TIONS OF RADIATIVE PROPERTIES

Calorimetric techniques for determining total

radiative properties promise to reduc_ the

limits of uncertainty in low values of solar

absorptanee and emittanee as determined by

the speetrophotometrie lneasurements. They

are adaptable to measurement of total absorp-

tance as a flmction of angle of incidence.
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F Ic;,URE 26-1.--Sample mounting in cold-walled
chamber.

A--Sample: 2-8 rail coating applied front, back,

and edge of }i-inch dia. by !ia-inch thick Al 2024

T3 or steel disk with 15-rail slot through center.

B--Copper-constantan thermocouple, 5-rail dia., in-

serted with junction l)raz(,(t at center. Calibrate

thermocouple after coating by inserting sample

ill plastic bag in three baths: distilled water,

liquid nitrogen, and boiling water (noting baro-

metric pressure).

C--Liquid nitrogen cooled.
l)--3-Point needle mounting grid coated with black

pigmented silicone alkyd over washer primer and
cured 1 hr at 4 ° F.

Greater accuracy is achieved in determining

emittance than solar absorptance since the

radiation sources-.[Ig arc or Hg-xenon--do

not exactly duplicate the sun spectrally.

Figure 26-2 is a schematic of the apparatus.

The radiation source is a 1000-watt G.E.

A-H6 Hg vapor lamp with water cooled quartz

jacket. The einission spectrum for this lamp

is suppled by the Outdoor Lighting Depart-

ment, General Electric Company. Since a

parabolic reflector is employed to yield a

collimated beam, the radiation intensity at the

sample level decreases with radial positon.

The calorimetric determination of the radia-

tive properties is achieved by comparing heat

balances over the individual samples with

those over adjacent "standard reference

samples."

The transient heat balance is:

aA,QF___ = (2.4 + Ap)a[F___T4--F___ay2]

b c

+M [a+,+_] dT

absorptance

A_. area of sample as viewed by the radiation
sa_rce, ft_ (the area of one face if in a

normal position)

FQ-,. geometry factor for source-to-sample

Q source intensity, Btu/ft 2-hr

A area of one face of the sample, ft 2

Ap sample perimeter area, ft 2
a Stefqn Bolt zmann constant, Btu/ftLhr-° R _

T temperature of the sample, °R
F s _ geometry factor for sample-to-cold wall

emittance of sample (normally identical for all

surfaces)

Tc effective sink temperature, °R
F¢ _ geometry factor for sink-to-sample

M)sorpl:_nce of sample for sink radiation

M masss of sample, lb

n,t_--(c snmple specific heat coefficients with units to

yie,ht t_tu/lb -° I_
l time. hr.

The _eom,,try factors--F__,, F,__, and F¢_,--

are nornJally assumed to be unity if the fol-

lowing precautions are utilized in designing the

test apparatus :

(a) The sample is set 3 reflector diameters

from the parabolic reflector.

(b) The sample is set 3 sample diameters

from the bottom.

(c) The bulk (over 90%) of the lamp energy

is collimated, vertically.

(d) The walls are painted black.

The intensity Q and the effective sink

temperature T_ are mapped at the sample

level by heat balances for a matrix of like

black reference samples for which all other

parameters together with temperature-time

histories _re known. The chamber is pumped

down to ('old equilibriunl with the laxnp off to

yield T, The lamp is then turned on and the

vacuum maintained until steady-state warm

equilibrium is achieved to yield the map of Q

values from the resulting temperature-time

histories with the black references.

Having mapped Q and T_, values of a and

may be calculated from heat balances in tile

steady state for the unknowns by comparing
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0

Q

K

FIc, URE 26-2. Calorimetric determination of ultraviolet degradation of radiative propertics.

A--Bell jar.

B--Parabolic alunfinum mirror.

C 1000-watt GE A-H6 quartz la)np source. Water-

cooled. 0.06 X 1 inch source with l_-inch air-

eooh,d jacket. Radiation outl)ut about 600

watts/4rsr, yielding at the samph, Icvch

radius, inches Btu/fl_-hr

1 l._.................. 1400

2 ........................... 1330

3_, ...................... 970

5 ....................... 830

5 (60% power) _ _ _ 500

D--Baffle below lamp, top side coated black.

E-- Thcrmoeouplcs:

1. Top of reflector.

2. Bottom of lamp baffle.

3. Bottom of cold wall can.

4. Side of cold wall can.

F--Liquid nitrogen-cooh'd jacket.

G--Transformer and power control.

H Nitrogen gas.

I--Nitrogen liquid.

J--Water outlet.

K--Water inlet.

L--To vacuum.

M---Thermocouple vacuum gag(,.

N--30-Point recorder with 2-see time constant and up

to 1-ft/min chart travel.

() To measure angular depend(,ncc of absorptance

mount only one row of samples at desired angles

of incidence.

P--Mounting grid.

Q_Black reference samples.

Additional devices--thermopiles, black boxes, collimating baffles--may be employed for transmittance and

alternative emittance determinations.

them with the heat balances for the [)lack
references.

The technique can he employed to determine

the dependence of emittance on temperature

by either operating with different source

intensities--obtained at different radial posi-

tions or by using different power inputs an(I

possibly by interchanging lamps of different

outputs--or by studying the transient tempera-

ture-time histories during start-up and after

shutdown by means of the heat balance equation

and its derivative with respect to the parameter

T 4

It should be noted that a study of ultraviolet

effects on the radiative properties may be

combine(t with these measurements. In the

event that the emittance is affected on the

irradiated side only--not expected for high

values--, spectrophotomelric measurements
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may be employed to note the differences be-

tween exposed and unexposed surfaces.

By orienting the samples relative to the
collimated source, the angular dependence of

absorptance can t)e llletlsul'ed.

Tile sources of error in calorimetric deter-

minations of solar absorptance and emittance
are :

,_o_lrcc of error

(a) Variations in source in-

tensity Q (via compari-

son of ten_perat:ure-time

history of black samples

with specimen) ..... + 5

(b) Extrapolation from

source spectrum to solar

spectrum _ _ ± 4
(c) .Measurement of A_, A,

Ap ..... ± 2

(d) Measnrement of T .... ±2

(e) Measurement of M __ ±1

(f) Knowledge of heat ca-

pacity constants a, b
and c .................. ± 2

(g) Overall _ __ ±4

Magnitude, %

nil

nil

::kl

±2
±1

±2

±2

Somewhat wider overall limits inay be

expected for low values of cq and e, i.e., less
than 0.30.

Of prince concern in calorimetric determina-

tions is the temperature measurement. An

error of 1_ in teml)erature measurement is

retlected as a 4% error in emittance. When

the therJ_mcouple is attached normally with

Saureisen eeH_ent, the emittanee values appear

to be in errov by +20 to + 100% during tran-

sient heating and --40 to --10% (luring

transient cooling. On the other hand them,o-

couple att.,chment by welding normally yiehled

an enfittanee of a Rokide A sample of

0.91:50.02, as equilibrimn was approached

(luring the heating and 0.894-0.02 (luring the

cooling transients. Attachment as shown in

tigure 26 1 would yield greater precision.

(?alorimetric measurements may be adapted

to orbital tests as in the ARENTS Program

(General Dynamics�Astronautics). The data

are reduced by comparing temperature-time

data telemetered back to earth. In general,

this involves transient conditions.

COMPARISON OF ACCURACIES OF MEASUREMENT TECHNIQUES

Casel: o_s=O.3and e=0,85

Method of measurement

(a) Internal spectrophotonletric ......................

(b) Internal and external (UCLA) spectrophotonmtric ......

(c) Internal calorimetric .........................

(d) Internal spectrophotometric and internal calorimetri( ......
(e) Internal and external spectrophotometric and intemml

calorimetric ................

Magnitudes of limits of ,ncertainty
Ots _ Ct s ,/ e

--0.02 ±0.04 ±0.05

±. 02 ±. 03 :c. 04

±. 02 ±. 02 ±. 03

±. 02 _-. Ol ±. 02

±. 02 ::i:. 01 ±. 02

Case 2:_s=0.22 and e=0.85

Method of measurement

(a) Internal spectrophotometric ...................

(b) Internal and external sl)ectrophotometric .....

(c) Internal calorimetri('_ .............

((1) Internal spectrophotometric and internal colorimetri('

.llagnitudes of limits of uncertainty

:kO. 02 ±0. Ol ±0. 022

±. 02 ±. 01 :-_. 022

4-. 02 ±. 004 ±. 011

±. Ol ±. (}03 =. OOs

LIMITS OF UNCERTAINTY IN RADIATIVE

PROPERTIES IMPOSED BY PRE-FLIGHT

COATING MAINTENANCE

Handling, assembly, storage and shipping

invariably cause smudging. Restorative meas-

ures such as cleaning with detergents, or

application of a washable overcoat, followed by

washing, tends to increase solar absorptance or

emittance. This places a premium on hard,

durable and washable coating films.

A'typical air-dried organic enamel--a Stoner

Mudge white base--was coated with Elvanol,

dried over night and washed with warm water.

As expected, the total solar absorptance in-
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creased froni 0.31 to 0.33 in the process. On

the other band, a rutile-pigmented silicone
alkyd treated in the same manner showed no

significant change, i.e., the measured solar

absorptance was 0.23 before and 0.22 after
treatment.

As a rule of thumb, the reflectance may t)e

expected to decrease by 0 to 5% due to the pre-

flight environment, with normal care in coating
maintenance.

LIMITS OF UNCERTAINTY IN RADIATIVE

PROPERTIES IMPOSED BY ORBITAL EN-

VIRONMENTS

The principal factors of concern involve the

ultraviolet and charged particle degradations

resulting in increased solar absorptanee of
white coatings. Less marked effects also occur

in fiat reflectors and solar collector types.

Tt_ermal cycling and loss of weight in the

wmuum of space have not yielded significant

effects in 'the coating system considered for the

--200 ° to 200 ° F temperature regime.

All air-dried organic white base enamels show

20-50% increases in solar absorptance after
exposure to a hundred or more sun hours of

ultra-violet. Organic enamels requiring curing

at 300 ° to 400 ° F fully methylated silicones--
show much greater stability against further

solarization (refs. 5 and 6). Tompkins (ref. 6)

and Sibert (ref. 7) point up the high stability of

certain inorganics, e.g., zinc oxide pigmented
potassium silicates.

Similar results have been found in a cursor)"
examination of the effects of electron irradia-

tion, simulating Van Allen belt exposures for

one year, on selected organic coatings. Tat)le

26 I summarizes the results from an exposure
of 1.6Xl0 m rads at the surface. The data

supports the following observations:

(a) Solar absorptances of air-dried white

enamels increased by 80 to 180%.
(t)) ('uring the paints 1 hour at 400 ° F

almost completely stabilized the silicone

alkyd and the methylphenyl silicone

against electron degradation although

the curing (tarkened the alkyd severely.
In summary, the following estimates of errors

in predicting the degree of changes in solar

absorptance of white coatings are proposed:

(a) Changes due to ultraviolet exposure of
200 sun hours.

Type of coating

( )rganics air-dried

()rganics dried at 300 _

400 ° F .....

Selected inorganics cure(t a{

27() ° F ......

Solar

absorp- Emit-
ta_ace, ta?lce_

% %
±15 ±1

±7 nil

±6 nil

(b) ('hanges due to an exposure of 10 l° rads

of charged particles at the surface

(roughly 1 year in a synchronous equa-
torial orbit).

Solar

absorp- Em it-

taffcc, lance,
7'ype of coati'n9 ;C %

()r_anics air-dried _ 4£ '3(} ± 2

()rganics cured at 300 °

-10(}° I," .....

Selected inorganics cured at

270 ° F

± 5 nil

unknown nil

RELATIVE IMPORTANCE OF THE ERRORS IN

MEASUREMENT AND IN PREDICTION OF

ENVIRONMENTAL EFFECTS

The overall limits of error in predicting solar

at)sorptance after one year in orbit resulting
from lhe various sources is eslimated for

several types of coatings as follows:

Tgye of coating

White base, organic:
Air (Me(I ........

('ured at 3000-400 ° F .....

White base, inorganic curetl at 270 ° F
Flat reflector_ ............

Solar reflector_ .....

Flat absorber, black ......

Measurement Effects of

errors, ('_ ultraviold, (% El(ctrons, _ Ov,','all, !;'c

± 10 = 15 :k30 20

:t:10 ±7 ±5 8

±10 +6 (':) S

±15 --6 (?) 14

±4 ±2 (?) 3
±3 nil nil 3
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TABLE 26--I. Electron, Radiation Eflect._' (m T?Iph'al Organic Coatin(w

Formulation

Vapor-deposited 14()0 AS.0/A 1/S.(),'A l disk_
Vita-Var PV100-26% PVC rut.fie in silicone

alkyd
Ahuninized silicone alkyd_

Zinc sulfide in methyl tdwnyl silicone_ _
Rutile 50% PVC in methyl phenyl silicone

I{utile in silicone alkyd

I{utih' in silicon(' arrylie

Rutih' in polyurethano

C ure

....... 0. 14

Air-dried _ , ')')" -- E " --

hr at 200 ° F _

Air-dried_ _ - I 33
1 hr at 250 ° F I 32

I hr at 400 ° l: ?,0

1 hr at .t00 ° F '24
1 hr at 4{1()a F .12

Air-(lrir(I '-"5

Air-dried '_'7,
I
i

(}. 04

• _,_
• _7

. 29

• 91

• s;(.}

91

1017 e-era-2 of 60

as (

i

"(). 29 _0. 06

• 52 . S9

• 46 . R9

• 34 __

• 32 _

• 32 .91

• 23 .7_

.42

• 45 . S_

• 69 __

10_ v-cm -2 (,f 600
kev-e-I b

0.34

• 24

(}. 31

, The dos:_ge from 10 t7 e-era-2 of 60 k,w-e -I is 1.6XI0 ta rad.

), The dosage from 101+ e-cm-2 of t;(_) kev-e-i is 4)410! r'ad,

SiizrdIh'alll ineleases may also lhave been caused l)y handling, in

.(hlition t,, th(, irr_di'ation.

The measurement errors are dominant in

predicting the emit tances, i.e., tile range from

+40% for low wtlues to _:3% for high values•

CONCLUSIONS

The degree of reliability achieved in calling
out, coatings for radiative property control in
long-lived vehicles in orbit depends principally

upon:

(a) Utilization of curing techniques at cle-

vate(t temperatures to stabilize up to

400 ° F selected organic and inorganic

roaring systems against ultraviolet anti

charged particles effects.

(b) ,nore accurate measurements, to be

_whieved principally by comparison of

calorimetric data with similar values

computed from spectrophotometric (tata.
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27mLOW-TEMPERATURE EMITTANCE

APPARATUS

BY ROBERT W. WARD AND JOHN F. McDONOUGH

NASA LANGLEY RESEARCH CENTER, LANGLEY, VIRGINIA

This paper describes a method of emittancc measurement for very thin sheet materials
in the temperature range of 273 ° K to 373 ° K. A mathematical expression is derived for
the emittance of the innermost of two concentric cylinders, and simplifying assumptions
are made to reduce this relationship to the usual equation for a heated "wire in vacuo."
The error due to the simplification is discussed. The apl)aratus and instrumentation are
described and some results are presented.

The need for a method to accurately measure

total hemispherical emittance at satellite tern-

peratures became apparent earl)- in the Echo

A-12 project. Echo A--12 is a larger and more

rigid version of the successful Echo I pas-

sire communication satellite. The rigidity is

achieved by using a three-layer laminate, con-

sisting of a sheet of 0.35-mil-thick Mylar sand-
wiche<l between two 0.18-mil sheets of alumi-

num foil. After the compactly fohle<t satellite

has been injected into orbit it will be inflated

to a sphere, 135 ft in diameter, by internal

pressure. This internal pressure will suffi-

ciently stress the laminate to cause a perma-

nent set, resulting in a rigid, self-supporting
sphere.

The equilibrium temperature of the inflated
satellite must be controlled to a wtlue of about
330 ° K in order not to exceed the nmximum

operating temperature of two radio beacons
which are attached to the skin of the satellite

for tracking purposes.

An analysis of the heat-balance equations of
the satellite revealed that the ratio of solar

absorptance to thermal emittance a/, would

have to be 1.67 to give the desired equilibrium
temperature. However, c_/+ for the surface of

the laminate was known t.o be about 6, which

would give an equilibrium temperature of about

453 ° K. An experimental program was then

planned to lower a/e to the desired value by

the application of the proper amount of either

an organic, epoxy-based paint or an inorganic

type of coating referred to as alodine.

In support of the program, it was found that

a couhl be measured routinely and accurately

by a reflectance method using a Beckman DK-1

spectrophotometer. The measurement of _,

however, required the development of a new

apparatus which could measure accurately emit-

tances over a wide range of wdues and at.

temperatures from 273 ° K to 373 ° K.

The selection of a method to measure these

emittances presented two aspects: (1) the low-

temperature range with the inherent difficulty

of low energy levels which makes the system

sensitive to stray ambient energy, and (2) the
form of the test material, an extremely thin (but

opaque), flexible sheet.

The low-energy problem indicat.e(t use of the

power-dissipation method, in which a known

amount of power is dissipated by radiation from

the test. sample. The second problem involved

finding a suitable configuration which was

simple enough mathematically for an easy cal-
culation of the desired emittance and having

shape readily adaptable t.o the application of a

thin sheet. The simple arrangement of two

concentric spheres was rejected because of the

difficulty in making a flat sheet conform to

spherical surface, which left the only configura-
tion of reasonable simplicity that of two con-

centric cylinders.

SYMBOLS

A are_t

F view factor for blackl)odies; F_2=portion of total
radiation from surface 1 incident on surface 2
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R radiant flux per unit area ;, R2 = flux due to emission

of A1 reflected by A,

• emittance

p reflectance

r radii of cylinders

L length of cylinders

T absolute temperature

$ Stefan-Boltzmann constant

q heat transfer per unit time

F' view factor for graybodies

_, solar absorptance

Subscripts:

l inner cylinder

2 outer cylinder

3 one end of outer cylinder

4 other end of outer cylinder_

0 outer cylinder and both ends of outer cylinder

t total

n normal

X wavelength

RADIATIVE HEAT TRANSFER FROM INNER
CYLINDER TO ITS SURROUNDINGS

In the case of two concentric cylinders of

length L and radii r, and r_, tile net energy
transfer between the inner cylinder and its

surroundings can be expressed as (ref. 1).

Since in our apparatus we cool the outer cylinder

and the ends to the same temperature, T2= Ta=

7"4---To, and q,a=q_4 by symmetry, then

q,= &l, F',_( T, 4-- To4) + 2_A_ F'_a ( T/-- To_)

=::(_(T_4-To _)(A,F',2+2A,F',a) (5)

Where f"_: _nd F'Ia are functions of tile geom-

etry of the particular configuration and the
emittances of the various surfaces. In our case

the emittnnces of the outer cylinder and the

ends are made equal, e2_ea----e4-eo, and it tan

be shown that (appendix)

_2Fs2poA + AaFffl ]..2A']
q_-- y

(6)
from which

_q_
I_ 1 ....... (7)

&t,,,,(T¢--To') L A-_(_ Ad

"_ - 1 -- F=oa-- Faapo+ F2aFa4Po2--2F=aFa2on _

A:- AaF,2F2aon + A=FIa- A2F, aI_=Oo

q,=qla+q,s+q. (1)

where q, is the total energy transferred between
the inner cylinder surface A_ and the three

surfaces that it. "sees" .:12, As, and A4 (fig. 27-1).

Since radiative heat exchange is proportional

to the difference in the fourth powers of the

absolute temperatures, each component of qt

can be expressed as

q_,= _A, F',,( T,'-- T:_) (2)

q,a=&'l,t ,a(T, -- Ta_) (3)

q,,=_All,",_( T_'-- 5"44) (4)

Fmu_u 27-1.--Two concentric cylinders.

It is evident that as eo---_l.0 (Oo---_0), then
y-+l.0 and A-+A2F_a. Under these conditions:

q' (8)
e' = 5A 1(/1 _- To _) (F,_+2F, a)

For the view factor I'; the following relation-

ship exists (ref. 1),

.A_f]_ + A_F_ + A_Fts + A_FI,= A_

or

Since Iql=0 and by symmetry Fla=P'_,, then

and

q' O)
< _A_(T¢--Td)

In this apparatus the mininmm T,=273 ° K
while 7_,-- 7S o K

q' (m)
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Equation (10) is the familiar equation for tile
"wire in vacuo n_ethod" used to measure the

emittance of materials in wire form at elevated

ten_peratures (2).

If we assmne e. to he only 0.8 instead of

unity, then the error resulting from the use of

equation (10) rather than equation (7) is less

than 2%. This is calculated by obtaining
values for tile view factor from reference 3. In

the actual apparatus _o was ma(le greater than
0.9 by the use of fiat black paint.

APPARATUS

The inner cylinder of the previously described

configuration, hereafter called the heater rod,

was made from a 42-in.-long ]nconel tube (fig.
27-2). This tube was/_ in. in diameter and had

}/32-in. wall thickness. The tube was heated

resistively by a 60-cycle current controlled I)y

an external power supply. The current was
measured on a General Electric model P 3

ammeter.

The sample was wrapped tightly on the

263

outside along the fu]l length of the rod, and a
20-in.-long section in the center of the rod was

chosen to be the test section. Two small wires

were attached to the rod, one at each end of

the test section, an(] were passed along the
longitudinal axis of the rod and out the end to

a Ballantine true rms voltmeter. This value

for the voltage drop across the test section V

multiplied by the current reading I gave the
value of qt to he used in equation (10).

To insure that no power was lost front the

test section due to heat being conducted along
the rod to the cohler electrical terminals at the

ends, auxiliary guard heaters were use<l at each

en(l to remove the thermal gradient. These

heaters were constructed by winding nichrome
wire between two layers of spraye(1 ahmfinum

oxide. The temperatures of the heaters were

controlled independently by external 5-amp
Variacs.

The temperature of the ro(] was nmnitored

_Lt 12 positions along the outside surface by

point-(.ontact copper-conshmt an thernmcouples.

F-- TEST !_--I0 -

5 _ 15 _

SECTION---_ 8 16

21 "t

60 0°' ,o6o500

7 -/ b-' IL. 20" TEST SECTION _" 52

I - SPECIMEN

2-HEATER TUBE, 5/80.D. 9/16 I.D. INCONEL

3 - THERMOGOUPLES

4- VOLTAGE LEADS TO MEASURE POWER TO SPECIMEN

5 - GUARD HEATERS

6 - NICROME HEATER WIRE

7 - CURRENT LEADS

N NOT DRAWN TO SCALE

692-146 O_63--18

FIGURE 27-2.-- Drawing of heater rod.
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The leads from the thermocouples were passed

along the axis of the rod to the end, and the

output of the thermocouples was recorded on a
Brown strip chart recording potentiometer.

The equilibrium temperature that was made
constant across the test section was used for

TI in equation (10).

The outer cylinder, hereafter called the

coolant chamber, was constructed of 0.094-in.-

thick, type 304 stainless steel. As can be seen

from figure 27-3, the chamber was designed

with double walls, the space between them

being filled with liquid nitrogen. The joints of
the chamber were welded and tested for leaks

at a pressure of 30 psi. The leak test was

necessary since the chamber had to contain the

liquid nitrogen when placed in a vacuum tank.
The radius of the inner wall of the chamber

was chosen to be 6 inches. In order to insure

that _o of equation (7) be as large as possible,

the surface of the inner wall was painted with

fiat black paint.

The heater rod was supported at each end

by small _ings attached to the coolant chamber.

The rings were wrapped with gl_ss tape at

points of contact with the rod to minimize the
conductive heat transfer, and the arrangement

was such that the axis of the rod was concentric

with the axis of the chamber.

GAS N 2 OUT

1 ° ° ° ° • • • °l _ 6..2__l° ° ° ° • • • •

.. /-4 _ _---_
• • • • ° ° * ° ° ° ° ° ° ° °

F' 5'
I.SPECIMEN HEATER TUBE

2. COOLANT (LIQUID N2) CHAMBER

5. VACUUM CHAMBER

4. REFRIGERATION COILS

5. ELECTRICAL LEADS (THERMOCOUPLES, HEATER CURRENT,

AND SPECIMEN VOLTAGE)

6. VACUUM CHAMBER DOOR

FIouRE 27-3.--Drawing of heater rod and coolant

chamber installed in vacuum tank.

The ends of the chamber were also filled with

liquid nitrogen. One end was fixed in place
while the other end could be removed to change

the sample. '['he movable end was designed

so that w[wn closed there was adequate venting

for the chamber during evacuation.

The temperature of the inner wall of the

coolant chamt)er was monitored by two copper-

constantan thermocouples attached to the wall

and connected to a Brown strip chart recording

potentiometer. This temperature was used to

insure that 'I'_, in equation (9) was maintained
at 78 ° K.

The coolant chaniber with the sample in-

stalled inside was mounted in a 4- by 6-foot

vacuum tank (fig. 27-3) which could be evacu-

ated to a pressure of 1X10 -6 mm of Hg in 1

hour. The pressure was measured on a ('EC

type GI('-ll0 ionization vacuum gage. A
provision w_s made in the wall of the tank to
allow the coolant chamber to be filled with

liquid nitrogen and to let the gaseous nitrogen

escape. The power, voltage, and thermocouple

leads were passed through special terminals in
the wall of the tank. The inner wall of the

tank was cooled to about 175 ° K by circulating

liquid ethyletle. This additional refrigeration
lowered the (:onsumption of liquid nitrogen to

about 1 quart per hour when the sample was

maintaii_ed at its highest temperature, 373 ° K.

PROCEDURE

With the heater rod out of the coolant

chamber and the vacuum tank, the sample was

wrapped smoothly about the rod and adhesively
bonded. The rod was then replaced in the

coolant chamber and the end of the chainber

attached. The vacuum tank was sealed and

evacuated. After the nitrogen tank had been

filled, the rod was cooled to below 273 ° K by
radiation.

The main power supply (see fig. 27-4) was
then turned on and the current was increased

until the temperature of the rod reached 273 ° K.

After further small adjustments were made in
the current to maintain the rod at 273 ° K, any

thermal gradient across the rod was removed by

independent adjustment of the Variacs con-

trolling the guard heaters. A reading was then
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5A.P_R,Ac 5A_ VAR,AC

,,_C _ ,,0_C

HEATER ROD_

L_ BALLANTINE_TRUE RMS VM

IrO_

FIGUaE 27-4.--Electrical instrumentation system.

taken of the power. The sequence was re-

peated for rod temperatures 323 ° K and 373 ° K.

A period of about 5 hours was required for a

complete cycle from the time the rod was

placed into the vacuum chamher until measure-

ments had been completed at the three tem-

peratures.

RESULTS AND CONCLUSIONS

An error analysis of tile instruments revealed

that an instrumentation error of 4% could be
present in a measurement. When the error

due to approximations made in the equations

discussed in a previous section is taken into

consideration, the overall maximum error of the

system is less than 6%.

A comparison was made of the value of

emittance measured with this system to that
measured by another method. Values of

normal spectral reflectance were measured for

a sample of the laminate material which had
been treated with alodine. These reflectance

measurements were made with a Perkin-Ehner

13-U spectrophotometer, using the Gier-Dunkle

technique, with the sample at 373 ° K. The
normal spectral emittance e,(X) was calculated

from Kirchhoff's law. Tile following equation

was numerically integrated to give the total

normal emittance _. of the sample,

where J(),, 2") is Planck's blackbody distribution
function.

The assumption was then made that the

sample radiated according to Lambert's law,

so that the total normal emittance of the sample

was equal to the total hemispherical emittance.

The comparison of this value to the measured

value at 373 ° K agreed to within experimental
eri'or.

The apparatus has been used to measure more

than 150 samples which were painted or treated
with alodine. It was determined that the

alodine treatment is the more satisfactory
method of altering the emittance. Tile emit-
tance has been correlated to the chemical

composition of the alodine and the thickness of

the coating. Some typical results for one

alodine mixture are shown in figure 27-5.
At present, plans are being made to improve

the apparatus t)y the use of a new design for the

heater rod, utilizing d-c operation and indirect

heating of the rod. A more accurate and

quicker measurement should then be possible.

30

20

EMITTANCE

I0

0 I 2 3 4
T=MEO_APPLLC"TION,MIN

FIGURE 27-5.--Emittance versus time of application
for Echo A-12 laminate. Alodine mixture 401.
Sample temperature 273 ° K.
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APPENDIX--DERIVATION OF EQUATIONS FOR RADIATIVE HEAT TRANS-
FER AND VIEW FACTORS FOR TWO CONCENTRIC CYLINDERS (Fig. 27-1)

OF LENGTH L AND RADII r_ AND r_

Setting up a heat balance, and asslnning that

Tz= Ts= 7'4=0 ° K and that 6T/=l.0, since
view factors are indcpendent of temperature

(ref. 1), gives:

1. Fhlx away from .1_, neglecting self-emission

(by reflection)

[A1/_,(eI+IR,) 4 zt,/v2, ,R2-FA,F3_ ,Ra+AIF41

,R4]ol-- A, _RI (A1)

A,Flm=flux emitted by .l_ and incident on A1

A,F, ,R,=flux reflected by :11 and incident on

A,

AtF:, ,R_=flux incident on A1, reflected by A2

A,F31 ,R3=flux incident on A_, reflected by .-13

A,F41 1/_)4 =lchlx incident on .1,, reflected by .14

2. Flux away from ;12 due to emission of ,'11

(A, t"12_1+ A2 F32 1R3-- A2F,_ 1R4 -_ _'12F22 IR2) m =

-12 IR_ (A2)

3. Flux away from A3 due to emission of -di

(A1FI#I@A3Fza 1R2-i "43/_43 1I_4-_ "

_13Foa ,Ra)pa--A3 ,R3 (A3)

4. Flux away from .14 due to emission of .'1,

(AIF,4_, 4-x't4F24 _R2-r A4/_34 _i2_+

Equations (3) and (4) are equivalent by

symmetry.
To find the view factors F' which take into

account greybodies, we remember that (_T* is

set equal to unity and that [A,_,R,_][_m/(1--e,,)]

is equal to the rate of energy absorption at

surface Am. Then tile fl)llowin,/relations hold:

Alk 12=.'t2 ,/1)2

AIF',a=A_ _Ra

A_F'_,=A4 1R4

(A,F_, _R2-_2F_ _R_)o_=A_ 1R1 (AS)

fi'H=0

1t?_= 1R_

(A,F_#_ ! 2A2/"32 ira

+ A21"22 1R2)p2=,'12 1I¢2 (A6)

1R_=,R4

/'_3 = 0

IRa=iR_

:";olving c(luations (6) and (7) for 1//2 and 1Ra

,' ' R _A2
P2

+11l"_:#, : .l:,k½s ll_2+AsFa_ ,lla --:-_ 1Rs
P2

--A:_l_:,_][cQ-(zta--.la[%,X},R3=Alfl'l:#, (Ag)

\ p:_ /

A_ .w\
£_3_L'23 ( :---'12t 22} XR2--2A2A3F2a];32 11{3

\,P2 /

=A,AaF, oF2_, (Al())

--AsF2_ ('_:--A2P'22) IR2+(_--A2F22)

(Ao2--Aak'_4)IR3 (_--A2F22)AIP'1s_1 (All)

As _,. ,.

'_ " \ P2 /

l _et

A2--.12F2202
ng

P2

A:,-- Aa Fa4pa
3-

P3

= 2A_AoF2aFa=

O=- A IA aFI= Fa_,_I
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Substituting in equation (12)

(,_f3-¢) ,R_=O+,_

- O+,_k
1R3

Substituting in equation (10)

(o4-_'_+ o

IR2 =
AaF23a

A,A3FxzF2#I + A2 (1-- F22po)A,F,#,
po

tR3-- A_ ( 1 -- F_2po) A_3 (1 -- F34po) -- 2A2A3F23F3_
Po Po

where m = p3= P4= Po

A,Opo(A3F,2F23Po+ A2F,3- A2F13F22po)
'Rs--A2Aa(I - P½2po- F_po+ F22Fs4po 2- 2F23F32po 2)

(A13)
Let.

(A3F12F23po + A2Fj3--A2F, aF22po) =A

(1 -- F22p.-- F34Po+ F2_F34po2- 2Fz_Fa2po 2) =7

R _Al_lPoA (A14)
13 A2As_-_

(A,_,Ooa_+o

_'_ 3F23a

2A2AaF231_2 (_'_-J-AIA3F1,F23el
\ 2 aT/

-- (1--F22po)
Po

IR2=A,e,Po(2Fs2Apo + AaF_¢y)
A2Aa(1 -- F22po)'y

(A15)

(A16)

A1P"_2=..la tR2 y_
Po

AIF'1s=As1Rs _o
Po

po= 1 --_o

_Al_,p.(2Fa2poA + AsF12y)'-] _o
A_F',2=A.,. L [4,Aff i--F,_)v _l 7o

A_o(2Fa.,poA+AsFdr) (A17)
A,F'_2=- Aa(1--F22po)y

\ A2Aa .] ypo A_V

From equation (1), the heat-transfer equa-

tions for radiation from the inner cylinder to its

surroundings are

q, = _A_ F',2 (T, 4-- 1'o4) + 26A1F'_a (T, 4-- 7"3')

(A19)
which can be expressed as

q,=6(T14--To _) (A_F _2+ 2AtF',.O (A20)

T_= T_= T,-- To

r-At_o(2Fs.,poA + AaF,2._)
q'=_(Td--T°4) L

2A_eleoa']
_ _j

I-2F_o_+A,F,_ __2_-I_A,_,,o (T1'--To') L XXi_(_ Adqt-- "Y

(A21)
Therefore,

Yqt

[-2G2poA+AsG2"_ F2A-]
8A'e°(TI4-T°4) L _ Xd

(A22)

These equations are based on the assumption

that the test specimen radiates in accordance
with Lambert's law and that Kirchhoff's law

holds despite the difference in temperature be-

tween the test specimen and its surroundings.

It is possible that neither of these conditions

hold rigorously, but the resulting error should
be negligible.
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28--A SILICON CELL TRANSMISSIVITY-

REFLECTIVITY METER FOR USE WITH

SOLAR RADIATION

BY JOHN I. YELLOTT AND LAWRENCE CHAMNESS

YELLOTT SOLAR ENERGY LABORATORY, PHOENIX, ARIZONA

The silicon photovoltaic cell which is now in wide use as a power source for satellites
and space vehicles can also be used as the sensitive element in radiometers for measuring
the intensity of direct and diffuse solar radiation. This paper describes an adaptation of an
inexpensive silicon cell pyrheliometer (Sol-A-Meter) which was originally intended to meas-
ure the intensity of the direct solar beam. It has been found that the instrument can also
be used to make rapid determinations of the tran.smittance, r, and reflectance, p, of trans-
parent materials for solar radiation at incident angles from 0° to 80°. The absorptance, _,
which cannot be measured directly, can be found from the relationship:

= 1.00 -- (r + O)

The limitations imposed by the spectral response of the typical silicon solar cell appear
to have little adverse effect upon the accuracy of the results obtained with the Sol-A-Meter,
while the strong signal and the instantaneous response of the instrument, combined with
its low cost, make it a useful tool for determining solar-optical properties of transparent
materials.

The silicon photovoltaic cell was literally
rocketed into technical prominence on March

17, 1958, when the first multi-year satellite,

Vanguard I, was put into orbit. Today, the

signals which still come from Vanguard I have
been joined by more powerful voices from its

more sophisticated successors such as Telstar,
but they all owe their usefulness to the silicon
solar cells which convert the sun's radiation

directly into electricity. On the earth's sur-

face, power from solar ceils is still far too expen-

sive for all but a few specialized applications,
but other uses are being found to capitalize on

the remarkable properties of these devices.

One of the most interesting applications is in

the field of solar radiometry.
The earliest put)lications of the Bell ],abora-

tories team which invented the silicon photo-
voltaic cell (ref. 1,2) disclosed tbe fact that the

short-circuit current produced by typical cells
when exposed to bright sunshine was about 25

ma/cm2, while the variation of short-circuit cur-

rent with changing intensity of insolation was

essentially linear. At constant insolation, the

short-circuit current was found to increase

slightly with rising temperature up to a limiting

value at about 160 ° F; beyond this temperature,
the current diminished as the internal resistance

of the cell increased.

The combination of linear response and small

positive temperature-current characteristic in-
dicated that the silicon cell would be useful

in the measurement of solar radiation. Ac-

cordingly, an investigation was undertaken at

the Yellott Solar Energy Laboratory early in

1961(ref. 3) to determine the suitability of com-

mercially available silicon cells for this purpose.

It soon was found that the simple instrument

shown (tiagrammatically in figure 28-1, con-

sisting of a silicon cell shunted by a low resist-

ance in thermal contact with tile cell, gave

consistent and accurate response to both direct

and diffuse solar radiation of varying intensity.

Since the measured quantity was the short-

circuit current, in terms of the millivolts drop

across the shunting resistance, the name
"Sol-A-Meter" was coined to describe the

device.
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Electrical Circuit Detail of Cell Mount

IIOCL _-.____ _ _____
Hoffman

Solar Cell _ ...... _-, L..... _'_

Fixed Resia%ance 5iiicon Cell

0.2 %o 1.0 Ohm soldered to

Manganin Wire Brass Disc

FIOURE 28-l.--Cross-section of normal inciden('(, SofA-Meier.

In a much more detailed study of the proper-

ties of the Sol-A-Meter, carried out early in 1962,

K. Selcuk _ found that excellent temperature

compensation couhl t)e obtained by adding a

suitable thermistor to the Manganin shunting
resistance, lle _llso determined the deviation

from the cosine law which takes place at high

angles of incidence, and found that the (,hange

in spectral distribution of sunlight with chang-

ing solar altitude also necessitated careful

calibration against a "color-blind" pyrheliom-

eter of the thermopile type, such as the well-

known Eppley instrument.

Some months ago, the need arose at our

laboratory for quick and [tccurate determina-

tions of the solar optical properties (trans-

mittance, r, absorptance, a, and reflectance, o)

of many different types of glass at incident
angles from 0 ° (normal incidence) to 90 °

The instrument shown in figure 28-2 was

(lesigned for this purpose and when prelimimn3_

lests indicated likihood of success, the first

prototype was constructed. The present paper

'Solcuk, K.; "rod Yellott, ,I. I.: .M(_asur(,ment of

1)ircct, l)iffus(,, "rod Total Solar Radiation with Silicon

l'h¢)tovolt.de ('ells suhmith_d for lm/)li('atio,_ 1o "Solar

Etmrgy", Assoc. for Applied Sol. Eng.

presents 1he results el)rained with this instru-

lllellt for _ Illlttl})eI" of well-known types of glass.

TRANSMITTANCE MEASUREMENTS WITH

NORMAL-INCIDENCE PYRHELIOMETERS

A nor,hal incidence Sol-A-Meter (NIS) of

the type shown in figure 28-1 was built, with

a standard lloffman type 110 (_l, silicon ('ell
as the sensitive element. This cell was sohlered

to the upper surface of a brass disk, and a

groove was turned into tile side of the disk, to

a('cept a 4.57 in. length of 30-gage Manganin
wire which w,ts shunted across the cell's con-

netting h,nds. A preliminary check had shown
that the cell's short-circuit current in bright

sunslfine was about 25 ma, and, consequently,

a 1-ohm r('sistanco was selected to give a

maximum siena] of 25 inv.

A calihralion test of the instrument using an

Eppley pyrheliometer (No. 4003) as the stand-

ard, gave the results shown in figure 28-3.

The itmfluPn,'e o{' ('}mngit,g spectral distribution

of the i,l('i¢h_n( sunlight is demonstrated t)y the
non-linear ,iature of tile curve of millivolts

output vs solar intensity in Btu/hr-ft 2. For
solar altitudes above 60 ° , the relationship be-

comes tw_rlv linear, so most of the tesls were

made when the sun was high in the sky.
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F](;VBE 28-2.--Sol-A-Meter adapted to measure t ransittance and reflectance.

A sun-following mount was constructed in

which a sample of glass could be interposed

into the solar beam ahead of the pyrheliometer.

The sample could be rotated throughout 90 °

so that the incident angle between the sample
and sun's rays could also be varied from 0 ° to

90 °. A graduated dial enabled the incident

angle to be adjusted by 1° incremeats. Either

the Eppley pyrheliometer or the NIS could be

attached to the mount. When the Eppley

instrument was used, it.s output was connected

direetJy to a 0- to 10-my Varian strip-chart

recorder, since its maximum signal was about
4.6 my.

The NIS gave signals up to 25 my, and so

its output was connected to lhe input of a
1,000-ohm potentiometer, and the recorder was

connected across the output. The signal, with

no glass in the sample holder, couhl thus be

adjusted to give a 100% reading on the recorder.

When the glass sample was inserted into the

light path, the recorder immediately indicated

a reduced signal, which was in fact the percent

transmittance of the glass for solar radiation at

the existing angle of incidence.
A series of transmittance measurements was

made with t]m Eppley l)yrheliometer, and it

was found that the time of response was great

enough to necessitate cout immus monitoring of

the solar beam intensity so that the resulting

transmittances eouht t)e eompensated for the

minute-by-minute wtriations in the sun's
radiation.

The NIS was then installed on the instru-

ment and the same samples were tested again.

It was foun(l that the results were virtually

identical in mosti eases, leading to the eonclusion

that the spectral sensitivity of the silicon cell

was not a serious disadvantage. The response

of the silicon cell was so rapid that the entire

range of incident angles could be covered in 90

to 120 sec, and the need for monitoring the
solar t)eam was thus eliminated. On a clear

day, the variations in direct beam intensity are
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FmURE 28-3.- Calibration curve for normal incidence

Sol-A-Meter.

generally slow enough so that the "no-glass"
readings at tile beginning and end of a trans-

mittance test are virtually identical.

REFLECTANCE MEASUREMENTS WITH THE
NORMAL INCIDENCE SOL-A-METER

After it had been shown that the NIS gave

virtually the same values of transmittance as

the thermopile-type Eppley pyrheliometer, a

new sun-following mount was (.onstructed as

shown in figure 28--2. A rotatable arm was

provided to carry the Sol-A-Meter so that it

couhl first be line(l up with the inconling solar
I)eam to (letermine the transmittance. Itcouhl

then be swung around in front of the sample to

line up with the angle of reflection. The correct

position could t)e found from the graduated dial

by whicll the incident angle was determined.

As soon as the new instrunlent was put into
operation, it was found tlmt the reflected sun-

light could give an adequate signal even for 10 °

incident angles with heat-absorbing glasses.

In addition, the operator could readily look
down tile t,ube of the NIS and determine

exactly when the reflected beam was lined up

correctly wit, ll the center-line of the instrument.

The virtually instantaneous response of tile
silicon <'ell again proved to be an important

asset, he<':mse it was possible to determine both
transmitl:m('e and reflectance over the entire

range of incident angles within three minutes.

Sinee the Eppley pyrheliomet, er had been freed

for its proper task of measuring the direct

beam intensily, its output could t)e observed to

make suro that there had been no significant
change in the sunshine during the brief interwd

required to _mLke the test.

ABSORBTANCE DETERMINATIONS

Since both the transmittance, re, and the

refleetan('e, pc, for any incident angle can now
be measurod, it is a simple matter to determine

tile al)sorF)tance ao, for tile same angle, since:

re-}- pe4- c_0-- I. 000 (1)

The results of tests to measure the solar-

optical properties of four of tim glasses listed in

Tat)le 28 I are also shown in figures 28-4, -5, and
-6. The charts show the familiar behavior for

the properties in question. Both transmittance
and at)sor])tance must reach zero at 0=90 °,

when the reflectance becomes 100%. Trans-

mitt_mee diminishes gradually as the incident

angle increases, but absorl)tanee first increases

to a maximum as the length of path through

the glass grows longer. At about 60 ° incident
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'l'ransmitlance vs incident angle for

four typical glasses.



A Silicon Cell Transmiss|vity-Reflectivity Meter for Use With Solar Radiation 273

TABLE 28-I.--Solar-Optical Properties of Six Typical Glasses for Incident Angles from 0 ° to 90 °

l)eg.

r

0_

l0 ......... i

20 ..........

30

40 ..........

50 ...........

60 ........

70 ........

75 ...........

90 ..........

_4in. Thick

7.0

7. (1

7. 0

_.0

9. 0

13.0

24. 0

35. 0

44. 5

100

Borosilicate

tx r

--m

.... _.(). 0

4.0 S7. 0

4.0 S7.0

4. 0 _6. 0

4. 0 $5. 0

5.0 82.5

7.0 77.5

_.5 66.5

9.9 50. 5

!3 in. Thick

6.5

6. 0

6.5

7. 0

9. 0

13. 0

24. 0

35. 0

6.5

7. ()

7.5

9. 5

9. 5

9.5

14.5

Soda-Lime Plate, _ in. Thick

11.5

0

40. 5

O

49. 5

100

r p

77 .......

75.

75.

74.

72.

7(}.
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6.5

6.5

7. (}
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22. 0

30.0

0

64. 0
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10. 0 32. 0 42.

0 0 100

a

19. 0

l&5
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22. 0

24. 0
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26. 0

26. 0

0

Deg.
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20 _ . 45.

30_ _ _ 44.
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5. 0

5.0

5.5
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7. (}
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24. 0

100

a r

_ _ 28. 0

49. 2 34. 0

50. 0 34. 0

50. 5 33. 5

51. 5 33. ()

53.0 32. 0

54. 5 3(). 0

51.0 27.0

52. 0 23.0

0 (}

p gt

24.0 42. 0

24. 0 42.0
I
i 23. 5 43. }}

24. 0 43.0

26. 0 42. 0

27.0 43. 0

34.0 39. 0

39. O 3S. 0

l ()0 0

r p
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41.

4(}.

39.

37.

34.

2,_.
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5.0

5.0

5.5

7.0

11.0

21.5

31.0

11)0
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55. (1

55. 5

5(1. 0

54. 0

50. 5

46.5
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angle, however, the influence of the rapidly

rising reflectance takes over, and the absorb-

tance also moves rapidly towards zero, along

with the transmittance.

The values of the three properties at normal

incidence can also be determined by spectro-

p hotonletric methods, knowing the probable

spectral distribution of the solar intensity.

The data usually employed for this purpose are

those of Moon (ref. 4) which were calculated

at a lime when the accepted value of the solar

suits calculated from Moon's data, it is found

that: agreement within 20-/0 is usually obtained.

CONCLUSIONS

The silicon cell pyrheliometer can be used

with confidence to determine the solar-optical

properties of many types of glass over tim en-

tire range of incident angles. When the abso-

lute value of the solar radiation intensity is

needed, the Sol-A-Meter can give reliable re-

sults if it has been calibrated against a thcrmo-

pile-type instrument to determine the effect of

air inass variation, etc. For relative values,

constant was 419 Btu/hr-ft 2. Today, it is • which are obtained when the transmittance and

agreed that the Inore probable value of the reflectance arc determined, the spectral limita-

solar constant is 441 Btu/hr-ft;, or 2.0 Langleys, t ions of the silicon cell do not appear to impair

but the spectral distribution proposed hy Moon the usefulness of the device.

is still in general use. Comparing the results The writers would like to express their appre-

of tests made with the NIS for 0--0 ° with re- elation to Ronald Clegg and James Wonderly
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29--AN APPARATUS FOR THE MEASUREMENT

OF THE TOTAL NORMAL EMITTANCE OF

SURFACES AT SATELLITE TEMPERATURES'

BY GENE A. ZERLAUT 2

NASA GEORGE C. MARSHALL SPACE FLIGHT CENTER, HUNTSVILLE, ALABAMA

This report discusses the theory, design, and test results achieved with a device that
measures total normal emittance of surfaces at temperatures ill the 50--100 ° C range.
The blackbody and sample used in the device are housed in a vacuum chamber (1.6X 10-4
torr). Attached to the vacuum chamber is an evacuated radiometer. For a detector, a
well-baffled, 28-junction, iron-constantan, radial thermopile was built. In use, the total
emittance is measured as the ratio of the thermoelectric EMF generated by the sample to
the thermoelectric E MF generated by the blackbody, at the same temperature and pressure.
The thermopile output was determined to be 150 _v per Btu/ft2-hr at blackbody temperatures
of 340 ° b: or greater. The device can be modified for measuring total normal emittance at
high temperatures; however, the selectivity of the thermopile receiver, plus lack of sufficient
energy at low temperatures, precludes the measurement of emittance at cryogenic temper-
atures.

The need for thermal radiation data on aero-

space engineering materials is becoming in-

creasingly important as vehicle stages and com-
plete vehicles become larger and more compli-

cated. The radiant heat exchange between the

surface of hot missile components and their
external enviromnent plays an important part

in the ult.inmte, surface temperature of the body

in question and, therefore, tile cooling require-

ments for the system in general. Likewise, the
radiant heat transfer between the surface of an

orbiting vehicle and the sun and earth largely

(let ermines its equilibrium skin temperature.
The emittance of a surface is a measure of its

"radiator efficiency"- its efficiency for dissipat-

ing [teat by radiation. Therefore, it is neces-
sary that the thermodynamacist and the aero-

space design engineer have available to them

highly reliable emittance data on aerospace
materials.

Subject of a NASA-Marshall Report entitled "An
Apl)aratus for the Measurement of the Total Normal
Emittance of Surfaces at Low Temperatures," MTP-
P&VE-M-62 -4, dated February 23, 1962.

l'resent affilialion: Armour I{esearch Foundalion of
Illinois Institute of Technology, Chicago, Illinois.

DEFINITION OF TERMS

The term emiltanee is taken to mean a

property of a sample. It is the ratio of the

radiancy of the sample to the radiancy of a

blackbody at the same temt>erature and under
the same conditions. On the other hand, emis-

sivity is the limiting case of emittance. It is a

fun(lamental property of a material and is
measured as the emittance of an optically

smooth, opaque sample of the material. The
terms emittance and emissivity are often used

interchangeably although not always correctly.
However, both will be denoted by the symbol

throughout this paper.

Spectral emittanee refers to the ratio of the

spectral radiancy (or monochromatic radiancy
at a _iven wavelength) from a bo(ly to that of a

blackbody at the same temperature, an(1 is

denoted by ex. Total emittance, el, is a meas-
ure of the ratio of the radiancy of a sample, as a

consequence of its temperature, to the radiancy

of a l>]aekl)od,v at the same teml)erature an(l

includes all wa, velengths from zero to infinity.

tIemispherieal emittance, e_, refers to the emis-

sion in all possible directions, i. e., 2_r stera(lians
275
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for flat, optically smooth surfaces. Normal
emittance, e,, (a special case of directional emit-

tance, *0), refers to the emittance normal to the

surface (normal refers to the direction of the

axial ray of a beam that is encompassed by a

small solid angle), and is the ratio of the normal

steradiancy of a sample to that of a blackbody

at the same temperature.
Therefore, "total normal emittance," "total

hemispherical emittance," and "normal spectral

emittance" are terms which describe not only a

particular tlmrmal radiation property but also

denote a specified technique for ineasurement.

THEORETICAL CONSIDERATIONS

According to Kirchoff's law, for opaque

specimens,

+x=c_x= I --R_ (1)

where cx, a_, and Rx are the spectral emissivity,

spectral absorptivity, and spectral reflectivity,

respectively. An exact expression of Kirchoff's

law may be derived by assuming that a body

at temperature T absorbs a fraction _x of mono-

chromatic radiation of wavelength >, falling

upon it. Tilen, if Wbs dX is the power per

unit area emitted by a perfect blackbody be-

tween the wavelengths ),and h+dh, the body in

question would emit an amount

Rearrangement of equation (2) provides a

exact expression of spectral emissivity defined by

W_dh
_X=W_d_, (3)

Total emissivity may then be calculated from

speetral emissivity according to

1
"=W_ fo" _W_dX, (4)

where the term Wbxd), is the spectral radiancy.

Wbxdh may be calculated from Planck's total
radiation law

d h
• eC21XT__I, (5)A"

Wo_ is computed. Integration of equation (5)

over the limits zero to infinity results in the
Stefan-Boltzn)ann law,

tVb ..... I4 _xdX=_. _-_6_'4T4=(,T 4, (6)

where a is known as the Stefan-Boltzmann

constant. From equation (4), it may be seen
that

W=_,a T 4, (7)

where Wis the radiancy of a body having a total
emissivity ft.

The most common method of measuring

emittance is the comparison of the heat flux

emitted in a normal direction by a sample and

by a blackbody at the same temperature and
under idenlical conditions. The ratio of these

two fluxes is by definition total normal emit-

tance, _,.

The radiancy, or heat flux, is measured by

use of a radiation detector, e.g., thermocouple,

thermopile, or bolometer. For such detectors,

the output or thermoelectric EMF is a function

of the net radiation exchange between the re-

ceiver and its surrounding, i.e., sample or

blackbody. Thus, the ratio of the E.TtlP_
generated when the detector views first a

sample and then a blackbody at the same
tempera(ure is a direct measurement of the

emittance. This may be shown by considering
first the case when the detector views the

blackbody ;

EMFb=kWb=k_r(T _- Tz,4), (_,)

where k is a factor which includes the detector

calibration (output) and the geometrical factor
between the detector receiver and the black-

body, and T and TD are the absolute tempera-

ture of the blackbody and the detector,

respectively. Next, let us consider the case for

the samples:

EMF= kW= kay, (T _- Tn 4), (9)

where _, is the total emittance of the sample.

By solving both equations for k and equating,
we obtain

where C_ and C2 are radiation constants and

d), is the wavelength increment over which

EMFD EMF
k=r(_i,4_T_9=r_,(T4_TD,) (10)



Apparatus for Measurement of Total Normal Emittance of Surfaces at Satellite Temperatures 277

Solving equation (10) for _,, we obtain

EMF

_'---EMFb (11)

DESIGN OF THE EMISSOMETER

Since the measurement of total hemispherical

emittance of surfaces requires for most methods

the accurate determination of several param-

eters, methods for the direct measurement of
total normal emittance received the most atten-

tion. It was desired that the device be con-

structed from equipment and parts on hand and
that construction costs be minimized. Further-

more, it was desired that the _pparatus be

relatively simple to operate and that it require

a minimum of up-keep. These requirements

precluded the use of complicated and expensive

electronic measuring and display equipment.
It was also desirable that the measurement of

emittance be accomplished under high vacuum.
The methods and devices of Wilkes (ref. 1),

Gier and Dunkle (ref. 2), and Gier and Boelter

(ref. 3) for measuring total normal emittance

were adapted and modified to fit our needs and

resources. Although the general emissometer

design is taken from Wilkes, the fact that his

report does not describe the many problems

associated with the measurement of very small

E__fFs necessitated certain changes. These

changes and the description of the various

problems in measuring the E_VIF are, then, the

basis for this paper.

Chamber, Blackbody and Sample Holder

The vacuum chamber (figures 29-1 and -2)

serves the dual purpose of permitting both

sample and radiometer evacuation during
measurements. It is connected to a vacuum

system comprised of forepump, diffusion pump

and liquid nitrogen baffle, which are capable of

maintaining an ultimate chamber pressure of

1 X 10 -_ torr. The chamber top is integral

with the blackbody or sample holder, whichever

is in position. The blackbody is the conical
depression type, treated theoretically by

Edwards (ref. 4). It is cooled and heated by

means of circulating thermostatically controlled

CHAMBER FOR HEATING AND

COOLING BLACK BODY

ALUMINUM FOIL INSULATION

--OPENING FOR PLUG CARRYING EMF WIRES FROM THERMOPILE
AND THERMOPILE TEMPERATURE THERMOCOUPLE

B hA CK BODY

FIGURE 29-1.---Top view section of emissometer with blackbody in position.
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INTAKE AND OUTLET FOR HEATING FLUID

Measurement of Thermal Radiation Properties of Solids

TO CONTROLLED

HEL]UM LEA

SAMPLE THERMOCOUPLE LEADS

%:[$o7272 7°2
INSULATION \

THERMOPILE AND THERMOPILE
TEMPERATURE THERMOCOUPLE/

--EMF WIRES

SAMPLE --

TO VA
SYSTEM

FIGURE 29-2.---Side view and section of emissometer with sample holder in position.

water (see figures 29 ! and -3). The samph,

holder is constructed on the same principle and

is provided with a centered slot for the sample

temperature thernmcouple (fig. 29-2 and 4).

Radiometer and Thermopile Detector

The radiometer is shown in detail in figure

29--1. It, is provided with four radiation batth,s

whose apertures converge upon the t hermopih,

receiver. Thus, the effective samplo ar(,a is

always the area of the limiting aperture, r(,-

gardless of the exact distance from the samph,

or blackbody face to tho thermopih, re('(,ivev.
The last or limiting lmllh, is water eoole(I in

or(h'r to prevent transient heating of the radi-

omet(,r walls due to absorption from the sanlph,

orblaeM)ody. In addition, tho,'adiometerlubo

is constructed wilh massive seats, l)('rmit.ting

easy assembly of the bafth,s as well as providing

a heal sink whieh stabilizes the temt)t,rature of

the ballh, s an(l thormopi]o eoht junctions. Th(,

l'adionleler tub(, and mldt)late are ('h)sely
wound with square copper tubing through which

the wat(,_' from the xvater-eooled orifice is circu-

lated. Th(, thermopile and its entire surround-

ings (ex(',,1)_ lh,, small solid angle defined t)v the

limiting aporture) are thus m-dntained at the

satllc tomporature. Temperature gradients are

further ininimized by heavily insulating the
emir. vadh)m(,ler with asbestos fiber and alu-

minum foil (tig. 29 2).

The r('quit'ement that the measuring circuitry

be sin_ph,, plus lhe design, size and shape limita-

lions pos(,d by the radiometer, restricted the

tyl)o of thcrmopile which could be used. Use

of a radhtli(m thermo('ouph, wouht troy(, n,,ees-
sitaled (it(' u'_e of amplification and ('hopping,

the I)rilwil)h' of one lype of bolometer. ()rdi-

mtrily, a focusing front-surface mirror svst(,ln

is r,,(tuiv,,(t iu addition to amplitieation.

'l'h,, Ih,,'mopile consists of thermoeouples i,,

serio_ with hot junctions (as in fig. 29 5)

gvout)e(I so as to receiv(, a lnaxinlulll Of incident

rlt(lialion and cold junctions shielded from
inci(h'nt radiation. Their thermoelectric E]IF's
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Fmva_ 29-3. Photograph of tile t)lackbody. FIGURE 29-4.--Photograph of the sample holder.

4a

(A} _ (B) (IC)

I
........ I .........-£ _-_o , _o_

O-_ _ C()NSTA_'ITAN WIRE k _____._____.4RADIATION RECEIVER

v-N_ 36 B and S C(_NSTAN_AN I (COPPER OXIDE
PER)

I _ _ COLD JUNCTION
TER MINA L

' (WIRES SOLDERED TO COPPER STRIPS)

t__ 0. 002'' COPPER TERMINAL STRIPS

, GLUED TO ANODIZED SURFACE

FIGURE 29-5.--Construction of 28-junction iron-constantan radial thermopile.

692-146 O--63--19
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are additive, eliminating the need for signal

amplification. The previously mentioned re-
strietions necessitated the construction of a

senstitive t,lwrmot)ih' as el)posed to tile pur-

chase of a specially desi,_ned custom-built
detector.

A total of six thermopiles have been built.

The major probhnns associated with the early

"piles" consisted of inadequate heat sinks for

the cohl junction and extremely inefficient
blackbody radiation reeeiw,rs. Thermopile 4

is i)i('tured (enlarged 1.35>'()in figure 29 6 and
is the precursor to lhe thermopile in use. It is

a 14-junction iron-constantan thermopile em-

ploying No. 28 B and ,"; thermocouple wire.

The main difficulty with this thermopile was

thouKhl to be the large thermal cross section
with resultant loss in thermoeh,ctrie E,11F.

A simihtr thermopile utilizing No. 36 silver-

bismuth thermoeout)h,s wus subsequently con-

structed. Unfortunately, it was destroyed
whih, blackening the receiver. The t)ismuth

melted at very h)w temperatures ant{ was

extremely brittle and easily 1)token.

Thermopile 6 is shown in figure 29-5. IAke

thermol)ile4 shown in figure 29-6, it is construe-

ted of iron-eonstanlan wire (No. 36 B&S gauge)

and is eleetrieally insulated fronl the aluminum

mounting by an aoodized surface. Thethermo-

FIGURE 29-6. Photo;¢raph of 14-jtmction iron-con-

sl'mlan radial lhermupile during mamffacture (1,35X).

pile mouutin_ is pictured in figure 29-5A with

the anodized portion shown as the shaded area.

'Phe anodize electrically insulates while main-

laining lhernml contact with the cold junctions.

This lhern,opile was constructed from 28

therllmcouph, jun,'tions as shown in figure 29-

5B and required tedious manipulations under a

slereo-_ieros('ope. Each thermocoul)le was sol-

dered to a 0.002-m.-thick COl)per terminal strip

_hich wa_ glued in intimate contact to the
nno(lized surface. The receiver is shown in

figure 29 5(' and was constmwte(l from a

(L002-in.-thick COl)per strip which had been
blackened with copper oxide by the "Ebonol"

l)rocess. E'lch hot junction was then individu-

ally glued !o lhe receiver. The opposite sidb.

of the reeeixer was then painted with a very thin

('oat of a hie'l@ l>igmented earl)on black l)aint.

The Assembled E:mlssometer

The assembled emissonleter is shown in figure

2!I 7. The vn(mum ehamt)er was provided wilh

It {hel'llltWOlll)lp pressure ,,a,,'e and an ionization

kage wl,iclh w._.; l)la<'ed between the chamber and

flu' liquid nitr.c>n n'a]). A Nil(' thermoeou-

ple-i(mizati<)n ('ontrol was used to nm,itor the

pressure i_ ti_e ('haml)er. The t)ressure was
_naimaincd a_ 1.(;()5-0.05_10 -4 torr (0.l(i0_

().005 _) 1>_ use of _l helium-filled weather lml-

loon and a t)t'c<'ision needle valve. The helium

was passed lhrough a magnesium perehh)rale-

filled drying tube.

The t>]acld,ody and thennopile temperalure

thermneoul)h, [¢.IfF's were measured with a

I.eeds & Northrup portat)le millivolt l)otenti-

ometer. "l'hv lhermocouple cohl junctions were
maiutnine, I at 0 ° ('. The thermol)ile output

was measurot with a Leeds & Northrul)K-2

potenliomoler, with a ttoneywell electronic gal-
vanometer and a reversin,,' switch to balance

transient EAII'k. All leads, regardless of their
length, were ,'h)selv lrimmed and shiehled with

t)rai(le_l, tiuuvd-('opper shiehlina'. In addition,
the potcnlion,eter, l>alteries, electronic ,_,alwt-

nometer au,t vevevsiug switch were all resting

on :t single sli(.et of copl)er to which all shiehled
leads xxer,, av<)unded al a ('(nmnon poinl

(tloatit_x _r,,,n<t). ('arc was ud,:(m to insure

a,.zainst de\ el,,i)ing ground-lool)s with the COl)t)er

grou nd v.i rc.
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Fret:RE 29 7.--Photograph of the entire total normalemissometer assembly.

THERMOPILE CALIBRATION

Since the determination of the reference

blackbody P2JIF for each emissivity measure-

ment would be extremely time consuming, a

thermopile calibration curve was developed for

a thermopile temperature of 84 ° F and a

chamber pressure of 1.60 4- 0.05 >(10 -_ lm'r.
This temperature and pressure were found t(,

be most easily reproduced. The thermopih'

calibration is presented in figmre 29-8. The

calibration was made by increasing the black-

body lemperature from 84 ° F (with _l AT ot

0° F) to 21)8 ° F (with a AT of 124 ° F) and

l)h)liing the lhernmpile (nlll)ut in iHieJ'(_voJls

against AT.

The selective, or spectra], nature of the

thermopile receiver determines the degree to

which lhe pile output deviates from a line:Lr

response with the net energy transfer between

the "pile" _md the blackbody. The degree of

selectivity can |)e ('aleulated by l)erforming a

?"

FmI:RE 2!)-8. Blackbody calibration of 'the 28-

junetionihermopileradiometer. Thermopile6, tem-

l)l,r.dure g.i °F calibration at 1.6 (±0.05) X 10 -4ram

t[g pressure.

relatively simple thermal ra(lialion balance

using the (,alibrnlion curve in figure 29-S,
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If we let

k = KFR.

(from eq. (8)), the equation hecomes

V=KF_a(T 4- TD4), (12)

where V is the output (E.IIF) in ntillivolts,
K is tile thermopile constant, and Fa8 is the

geometrical factor of the receiver with respect

lo the blackbody. Since the receiver can see

only tile blackbody, the effective blackbody
(or sample) area is taken as the area of the

limiting, water-cooled orifice (fig. 29-1). In

this case, the area of the receiver will t)e

regarded as an incremental area, _A++. Figure

29-9 shows the geometrical relationship between

the receiver and bhwkbody. The geometrical

factor for radiation ex('han,,dt, between surfaces

separated by a nonabsorbing medium is (ref. 5)

_. I 1 _. [" cos0Rcos0,- L1 - - N _ -- dARdA,, (13)

where 0z is the angle t)ctwoon the normal 1o

/_AR and the line s connecting it with zXA,, and

0" is the corresponding angle for kAB. Since

cos 0R=cos O_=:l/s and s=x/r25-/2 (from fig.

29 9).

F,+,, 1 ['r, /2
-- _r do r=-kl = 2+rrdr, (14)

lntegrnliotl of equation (14) results in

(0.625)2/(0.625)2÷ (7.75) =

-:: (1.00646

::6.46 x 10 -3

(15)

Subslitulin_ f'm+ anti solvin_ equation (12) for
K, _ve oblain

V,,_) - (16)
K <4_X10-:_(,(T+--_ +)

Equation (16) was used to calculate the

lherntopih, out put at various temperatures

from the vuhws containe(l in figure 29-8.

They are tai,ulated in table 29 I below:

"I','_ULE 29 [.- Thermopile ()dibratio_+ awl N+hctidty /)etermination

I

'.7',

124

10",

67

19

II

Blackbody
T. (° R)

66,,

652

634

611

592

563

I11
I,;MF

,L v

1*,'% (i

15(i. 5

1 24. 3

R6. 5

51i. 1

2O. 0

]v
f(,

u: _l+t++'ftz- h r

_52

151

1.51

151

114

137

V

Max, u

7. _,0

& O0

S. 25

_, 54

+q. Sl

9. 25

^R_-_-- z :: -Z ....

-o
¢3

_-1 = 7. 75" ---_--------_

FmunE 29-9.--(;eometrical relationship between the

receiver and t)lackt)ody.

(+olunm IV in table 29-I gives the thermopile

constant in per ,+v/Btu/ft*-hr for six blackbody

temperatures and corresponding EMFs. It
will be noted that the constant varies from 137

per Btu/ft2-hr to 152 gv per Btu/ft2-hr, indi-

cating thut the thermopile is selective in torture.

('olunm \+ in table 29 -I presents the peak wave-

length for the blackbody radiation correspond-

ing to the various blackbody temperatures, The

blackened tlwrmopile receiver appetrrs to be a

flat, absorl)er to about 8.5/u wavelength after

which the receiver coating tends to become
somewlmt transl)'trent (with the pile possessing
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TABLE 29 II.---Total N_rmal Emittance oJ Selected SurJaces
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Material _t T. °K

(;old, electrolyticttlly I)olislwd ..................................

Alumimnn, 1100, imlishcd with Mg() and water ..............

Copper, sand-bl'tM, ed .................

Paint, white, aluminized with h,afimz 3.0=rail AI .............

Paint, white, "duminized with n<m-Leafin¢ 3.0-rail AI .....

l"tint, carllon black, CB-I7" 15 II) (2.1) mil_) ...........

Enamel, porcehtin, lmtas.',ium titanate opacified ..................

Enamel, ]mreelain, potassimn tit, an.lt_, opacified, overcoated with l)ho...ph'lte-

b<mde<l potas.-,ium titamtte_ ............................

Paint, whirr, Anatas,,, A 31 45 ......................... ,

P'dlli, _hitc, Kry-Kote_ ...........................

0. [121

• [)22

• 1-17

• 716

• 763

• 6-15

• 7,57

• 76O

• 761

• 763

• ,',21

3611

37tl

356

363

320

367

321

366

3,50

332

355

35_

3fill

36O

90% of the output t.o radiation >9.25 u that

it. had to radiation _<7.8 u).

DISCUSSION OF RESULTS

Table 29 II presents the total normal emit-

tahoe of selected surf'aees. They were meas-

ured by ot)taining the "pile" EMF when the

sample was in place and by dividing the E,I[F for

the blackbody at the same temperature t) 3-

re'tding from the curve in figure 29-8.

'['he wdues obtained ['or both polishe<l gold

and polished 2S aluminum agree closely with
the values reported in the literature.

The selective nature of the emittanee of both

aluminized white paints is indicated by the in-

crease in their emittance with decreasing tem-

perature (longer wavelength). This is opposite

to the expe<'ted selectivity, if any which might
I)e presumed from the fa<'t thai the reflectance

of alumir,um increases with longer wavelengths.

The emittance of the carbon black paint,

(!B-IT 15-10, was measured at three tempera-

tures in order to determine if the anomaly noted

at)eve was due to thermopile calibration errors

at the lower temperatures. The results indicate
that this is not the ease since the emittance

values are identietd at all three temperatures

and agree with measurements of thin coatings

of pure carbon black paints as reported in the
literature.

DISCUSSION OF PROBLEMS

Several major probh, ms arose (luring' the
course of the checkout and calibration of the

instrument. Most of these l)rol)lems were

simply the resuh of attemptin,/ to measure
E.IIF,_' in the mierovolt region. Problems co,-

('erned with the ('hoi('e of lhermopih, design

have already been (tiseusse(I. l[owever, the

sensitivity of the thermopile to pressure (.hanges

was <luiekly realized. While much or the

pressure depemlenee of sensitive lhernmpiles

is due to the a,ttemmtion of tt_e radialion by
carbon dioxide and water molecules, even small,

iIIstalllfilleOllS pressure ('hal]ges caused large,

spurious EM_F.s.. These effects are (}lOllght to
be due to transient thermals caused by the

adiabatic expansion and contraction of the

residual gas in the chamber.
Anolher l)roblenl affe('ting' the thermopile

was the breaking of the vacuum at the end of

apartieuhlrsetofmeasuremenls. It was found

that a rush of air on opening the chamber

caused a sliKht ben(ling of the lhennopile

re('eiver and a sut)sequent short of nearly one-

third of the junctions. This prol)lem was

<'orre(.te(t by inserting a needle valve into the

chamber wall and slowly bh,ediw,/in air over a

period of several minutes.

_till another thermopile problem concen_s

minute changes in tit(, S4 ° F cooling water.
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These changes occurred during the on-cycle of

the immersion heaters in the constant-ten_pera-
ture water bath and caused considerable error

in the E31F even though the t},ermopiIe tem-

perature thermocouple couht detect no tempera-

ture change. The problem was not apparent

during the summer months when the room

temperature and bath temperature were nearly

the same. It is thought that the problem is

due to the slight change in temperature that

occurs in the thermopile surroun<lings before it

is manifested in the thermopile cold-junctions.

This situation was partially alleviated by

placing insulation between the thermopile rear

and the radiometer end-plate. In addition,
the use of a well-insulated, large water bath,
which can be shut oil" and which will maintain

a constant telnperature during the E_IF

measurements, has permitted circumvention of

the problem.
Spurious effects not attributable to the

thernmpile caused a great amount of concern

during early calibration attempts. During

this period, the EMF leads, both front the

potentiometer to the reversing switch, and

from tim switch to the galvanometer, were

utlshield<_<l F(lcthertl,ore, great switch volt-

ages dcvelope<l both within the potentiometer

and _hc ccversh_/ switch. The s.vstenl was
extt'emely sensitive to shock, movement of

clolbing (stt_ic electricity), and air currents.

These effects were eliminated by shiehting all

leads (includir_/ those to the batteries and on

the reversing switch) and grounding each lead

separately _t a common point on a copper
sheet, upoI_ x_tlich the entire measuring circuit:

had been place(I.

CONCLUSIONS

The tolal normal emissimeter described in

this repori possesses excellent, precision in the

lemperatm'c rang'e discusse<l. Results compare
favor.d)ly xvitt_ the literature. It can be

modified easily for use at high temperature by

designing' _tn<i constructing a high-temperature

tdackl)od 5 nl_d sample hohler. The selective
nature of the receiver as well as the lack of

energ.v at 1,)_ _e_JI>erature i>recludes the use of

llw instrutrw_I _t sample temperatures below
0o (,
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DISCUSSION

ROGER N. S<'H_.III)T, Minneapolis-Honeywell Regu-

lator Co.: The technique discussed by Mr. Zerlmg

and the one used at Hopkins Research Center have

a basic difference in that they do not cover the same

area of property measurement. Mr. Zerlaul's Pai)er

discusses the iiH"tsltreill(!llt of _,)tal normal emittance

which uses a method similar t,_ lhal used by others

for really years. Whet, considering the total energy

radiated by a surface, the total hemispherical emit-

tauce of lhe surface rather than lhe _[otal normal is

required. Total normal measurements are generally

easier to nmke than total hemispherical, and rural

normal emittance is sometimes re(luired for specific heat

transfer calculations. While the method for total

hemispherical emittam'e measurement is simple a_,ct

straight forward, to our knowledge it has not been pre-

viously repc>rted.

The p(_s-.it_ilily of experimental error in the measure-

ment of n()rmal ,,mittance appears to be greater than

in the measur(qm,i_( of total hemispherical emittance.

Baek_r,,_m,1 r¢tdi;tlion ('qAt }>(' troul)lesome when lhe

_emperature ,)f 1)_(, I)ack_.rom_d is nearly the same as

the sample iemlwratur[, and the background shape

factor is 100 _imes larger than the sample shape factor.

]n lbe ]_(,misl)herical technique the shape factor of the

surr'omMi_s i_- 1/100 of the shape factor for the samples,

and lhe },ack_cound is at liquid nitrogen temperature.

The sample _urface temperature and blackbody

tempcr:tlurc mt_a_urement are very critical for emittanee

measureme_. Although Mr. Zerlaut does not discuss
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these measurements, it appears from his pictures that he

used only one thermoeouple in lhe blaekbody and one

thermoeouple in the sample holder. A sufficient

number of thermocouples silould be used to assure

uniformity in the blaekbody and sample surface

temperatures. V_re have used two sample sufraee

thermoeouples and three I)laektxMy thermoeouples.

The emittanee calculation proee(lure presented ill

Mr. Zerlaut's p'tper is different from ours in that it

assunws a constant correlation eoemeieI,l between the

thermopile output and the heat flux incidenl on lhe

thermopile. This potential source of error can be

eliminaled by adjusting the blackbody temperature to

give the same heat flux as the sample as we do in our

hemispherical measurements rather than by adjusting

blackbody and sample to the same temperature and

measuring the ratio of heat fluxes as Air. Zerlaut does.

This can be shown as follows:

The energy tr'msferred by radiation from the sample

to the thermopile is,

Q._t=aF.-,e.(T.4-- T, _) (1)

where :

energy interchange between the sample

•md ther mopile
a Steffan Boltzmatm constant

F,-t shape factor of sample to thermopile

_, normal emittanee of sample

7', surf._ee temperature of sample

Tt temperature of thermopile hot junctions

Bee'mse Mr. Zerhmt's calculation equation neglects

the energy radiated from the baekgromld and thermo-

pile and reflected by the sample to the thermopile, it

is neglected here in order to simplify the calculation

equation. Howew,r, a detailed analysis simuld be made

to show whether this term can be neglected an(I what

error il causes in the final results. This term can he

relatively vet!! large if tile sample is highly reflective

because the h'tckground temperature is nearly as high

as the temperature of the sample. If the tmekground

and sample are at tim same t.emperature, all s:tmples

will appear to be blaek!

The bhtckbody ealibration of the thermopile will be

used Io determine Q,_¢. The energy trtmsferred I) 3,

radiation from the blackbody to the thermopile is,

Oh-t = o.F _,-tEK T _-- Tt") (2)

wlmre :

Fb-t

_h

T_

energy interchange between the sample

and thermopile

shape factor of blackbody to thermo-

pile

emittance of blackbody

temperature of blackbody

Making the same assumption as Mr. Zerlaut,

_ = 1.0

and, if the blackbody temperature is adjusted so that

the thermopile output is the same for both the sample

and lhe blackbody,
Q,: ,= Qb-, (3)

Equations (1), (2), and (3) ean be eombined to give:

e.(T.4 -- T,_) = (Tb4-- T, 4)

or

(Tp-- T, 4)

e,= (T4 - T,') (4)

Tb is the blackbody temperature determined from the

blaekbody calibration curve from the sample thermo-

pile output. T, is the sample surfaee temperature and

is determined by thermoeouples. T, is the thermopile

hot junction temperature and is determined from the

thermopile cold junction temperature and the output

of the thermopile. For Mr. Zerlaut's apparatus the

hot and cold junctions are nearly the same tempera-

ture and therefore the cold-junction temperature could

t)e used in place of the hot junction temperature. This

calculation procedure does not assume a constant cor-

relation between the thermopile output and lhe imping-

ing energy on the thermopile because the lhermopile

output is lhe s'lme for the blackbody and sample.

The emittanee is determined from the respective lem-

peratures. However this equation does assume lhe

thermopile receiving area is non seleetive (graybody).

Mr. Zerlaut states that his t>laekbody data indieales

some thermopile selectivity; however, these data may

(lemonstrate the large error which exists as the sam-

ple and blackbody temperature approach the back-

ground temperature. If this selectivity does exist for

his thermopile coating, there :are many other coatings

that he could use which are good graybodies in the

infrared.
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30--THERMAL RADIATION IN SPACE

NUCLEAR ELECTRIC POWER SYSTEMS

BY HERMAN SCHWARTZ

NASA LEWIS RESEARCH CENTER, CLEVELAND, OHIO

The heat rejection temperatures for a number of space nuclear electric power plants fall
within the temperature range of 450° K to 1400 ° K. The characteristics of these power-
plants and the manner in which thermal radiation properties and surfacings affect their
performance are discussed.

Nuclear electric power systems for space-

craft, once developed, would have the unique

('hara('teristic of providing a large amount of

electrit'al power for long continuous periods _t
minimal weight and cost. In terms of their

method for power conversion, these systems

can t)e divided into two broad categories,

dynamic engines, which convert heat energy
into electri(._tl energy by some mechanical

means, and static engines, which convert heat

energy (lirectlv into electrical energy.

The dynamic engine that tins been receiving
the most consideralion is the one whic]_ em-

ploss a turbine as the energy converter in a

Rtmkine or Brayton cycle. A schematic of a
power system which uses a turbine in a Rtrnkine

cycle is given in figure 30-1. Thermal energy
developed in a nuclear reactor is carried by a

liquid metal such as lithium or a eutectic of

sodium and potassium to a heat exchanger.
On the secondary side of the he_t exchanger a

liquid metal such as potttssium or mercury is

t)rought to a boiling temperature and then

vaporized. The vapor imparts energy to the

turbine tlmt in turn is mechanicaIly transmitted

to the rotor of ttn electrical generator. Upon

leaving the turbine, the vapor enters a dire(,t

condensing radiator. Here waste heat is radi-

ated at constant temperature as the vapor is

condensed to liquid. A certain amount of

subcooling also t_tkse place in the radiator.

The liquid is then sent to a pump _nd the cycle
is begun once agttin.

In the Brayton cycle, figure 30-2, _t gas such

as helium is employed as the working medium.

Heating of the gas within the reactor, rather

PUMP

FIGURE 30-1.--Schematic of Rankine cycle space
power system.
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FIC,URE 30-2.--Schematic of Brayton cycle space
power system.
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than from an intermediate heat exchanger, is

chosen. The gas then passes through the
turbine and the n_diator. The radiator is not

isothernml _s in tile Rankine cy<'le because of

the sensible he,Ll loss in the gas. On leaving

the radiator, gas pressure is restored by a com-

pressor which is on the same shaft as the turbine
and _dternator rotor.

Static engines, also known as direct conver-
sion devices, are contenders in the space nuclear

electric picture. The thermionic converter is

an example of a static engine that has been

receiving considerable attention during the past

few years. In the thermioni(' emitter (fig. 30-3)
_t cathode is heated to a temperature high

enough to obtain appreciabh' electron emission.
In a space application, the anode is ,naintaine(l

at approximately half the _d)solute temperature
of' the cathode. The role of lhe cesium is to

make the route for the electrons easier when

going from emitter to collector. At a megawatt
of electrical power literally thousands of such

units are required. They are situated in the
reactor, the cathode being integral with the

surface of the fuel element and the anode 1)eing

cooled by a liqui(t J,,etal, such as lithium, which

circulates through the reactor. The liqui(t
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HEAT
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FI(;URI,: 30-3.--Thermionic converter.

metal ,':_rries the heat to a radiator; and, bc-

('ause of the s(,nsil)le heat loss in the fluid, _

temperature ,lifferen('e exists across the radiator.

THE RADIATOR IN NUCLEAR ELECTRIC
POWER SYSTEMS

A view ,d' the radiator in the Rankine cyt'le

i_ shown in figure 30-4. Vapor of high quality
comes from the turbine and is distributed by a

header to the tubes. Within the lut)es the

vapor is (.ojnpletely condense(t, and the liqui(l
is returne, I to the pump via the exit header. A

,.ross s,,cti<m of the typical tube and fin is also

given in figure 3(I-4. The function of the liner

/__-.. ,,-HEADER

VAPOR ,_:__, _.

:,o,:TUBE ...... _°UJ

t FIN L ARMOR "'--FIN

FIaUP, E 30-4.--Typical fluid radiator
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tube is to contain the condensing liquid metal

vapor; the armor that surrounds tile tube is

selected on the basis of providing protection

against tube puncture l)y micrometeroroids.

Finning is employed to minimize tile exposed

area of the tube, therel)y cffe('ting a maxinnnn

heat rejection per unit weight of the radiator.

To further enhance tle_Lt rejection an(l re(lute

weight, a tligh-cnlittance coating is pla('ed on
the surface of the fin and armor.

The radi_.tion heat transfer fronl the radiator

can t)e simply expressed as

Q=2_,^aA,T_--a, GA_ cos 3' [1]

when A, is the fiat. plate area of the radiator;

T_, the radiator temperature; G, the solar

constant ; and % the angle tletween tile incoming

radiation and the perpcn(licular to the flat plate.
Sohlr radiation reflected I)v tile earth and the

far infra-red ra(tiation of tile c_Lrttl are neglected
in equation (l). Solving for the radiator area

q [2]
,L _ 2EthaT_--a_G cos 7

where 7', is eshd)lishcd from a cy(.le optimiza-

tion that minimizes the weight of tile system

and Q is ot)lained for a given net electricM

power output by a cycle analysis.

In order to minimize Ar, which is proportional

to radiator weight, eth should be brought as

close to 1 as possible and a, made to approach

zero. For the case in which heat rejection

temperatures exceed 1000 ° F, the a_O cos 3"

term becomes negligible and solar absorptance
(a,) need not be considered.

A nuclear turbo-electric powerplant, designa-

ted SNAP 8, is presently being developed to

produce 30 kw of net electrical power. The

condensing temperature of its mercury working

fluid is 700 ° F. The temperature of the fin
varies from 700 ° F at its root to about 550 ° F

at the midline between adjacent tubes. For

SNAP 8 there are two types of surfacings under

investigation, one having an emittance greater

than 0.90, with no firm restriction on absorp-

lance, and the other surfacing having an
enlittance greater than 0.85, with a solar

absorptance less than 0.3. Both are required

to show mininlum degradation of radiation

properties in the space and nuclear environ-

meat for a period of 14 nlonths.

In a 1-megawatt turbo-electric system using

a Rankine cycle, the radiator is required to

operate at a temperature approximating 1300 °

F. For this temperature level the emittance,

and not the solar absorptance, affects the radi-

ator area. The radiator in the 1-megawatt

system represents as much as 70% (if the total

powerpllmt weigllt; and from this consideration,

it is essential to strive for every small increase in

thermal emittance. Related t(i increasing the

emittance is the need for reducing the error
band in the emittance measurenlents. Present

methods of measuring emittance are accurate

to only -4-40-/o and this uncertainty greatly

increases the powerphmt weight.

Another important aspect of heat rejection

in the nuclear turbo-electric system is keeping

the electrical generator and power conditioning

equipment from exceeding temperature linlits
imposed by electrical materials. The electrical

components are generally required to operate

considerably below the main radiator tempera-

ture (.-._1300 ° F), and, therefore, separate heat

rejection systems are needed. An alternator
efficiency of 94%, and transformer and rectifier

efticiencies of 99% and 98.50-/0, figure 30-5, was

assumed in plotting to give the percentage

increase in radiator area for different limiting
component temperatures. The same emittance
was used for the main radiator and that for

cooling electrical conlponents; the solar ab-

16 -- REFERENCE RADIATOR AREA BASED ON

1280 ° F AVERAGE HEAT REJECTION
TEMPERATURE

,4- \ \
*,. _ • COOLANT TEMPERATURE

"_ _ REQUIRED WITH

12 -- _ \ PRESENT COMPONENT

\ \ STATE OF THE ART

iNCREASE

IN RADIATOR 8 -
AREA

6 - _ _/ALTERNATOR

l

4 - _'_k_,,_ T IF IE R
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AVERAGE COMPONENT COOLANT TEMP, OF

FI(IURE 30-5. Eff('et of average component coolant

temperature on radiator area required for electrical

equipment cooling.
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sorptance was assumed as zero. These curves

emphasize the need for surfacings having high
emittance and low solar absort)tance in radi-

tots which cool the electrical (,omponents.

A 1-megawatt system that employs tile

Brayton cycle has slightly different surfacing

requirements for its main radiator. A high
era|trance is to be maintained over a wider

temperature range and the surfacing must

withstand higher temperatures. The surfacing
conditions for a 1-megawatt t}lermionic system

is, in ntany ways, similar to that discussed for

the Rankine cycle.

TAILORING OF COATINGS

Over the years there ha_ been considerable

activity in measuring era|trance properties,

but a relatively minor effort has been expended

in formulating coatings to give a desired

spectral emittance, l,ttely, interest has de-

veloped in tailoring coatings for specific

applications. The techniquo consists of mixing

substances or using multilayers of substances

whose spectral emittances are known. Illus-
trating the method, substances A and B have

spectral emittances as shown in figure 30-6;

upon mixing the substances a compromise of

spectral emittance, shown as curve (', may
result. By varying the ratio of constituents it

is possible to approach a desired spectral curve.
In an ide_d case, for which the fundamental

param('ter_ of s(.attering and absorption coeffi-
cients and indices of refraction were adwm-

tageous, it would be possible to approach the

max|ruth, sp('('tral values of both substances.

This t ec}miquc, if successfully developed,

will have an irr_I)ortant weight effect on nuclear

electric power systems. It will satisfy the two

main ro(tuii'(_Jllents in these systems, the high

thermal e,,,Sttance for the high heat rejection

temperatures and the combination high thermal

emittance an(1 low solar absorptance for the low

heat rcjcclio,_ temperatures.

I,C .....

0
k

FI¢;URE 30--(i. Possible effect of mixing two substances

wit h different spectral emittances.
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An apparatus has been designed, built, and tested that will measure the total hemispheri-
cal emittance, total normal emittance, normal and hemishperical spectral cmittance, angular
distribution of radiation and resistivity of metals from 1000° K to their melting points.
The flat ribbon sample is resistance heated while held in a mount capable of 230 ° rotation in a
vacuum of l0 -n torr. The apparatus and measuring techniques are described and examples
of remflting data given.

Radiant heat transfer is especially important

at very iligh temperatures or at the very low

pressures encountered in space. The ability of

a surface to lose heat by radiation is described

by the product of its total hemispherical emit-
tance, the Stefan-Boltzmann constant, and the

fourth power of its absolute temperature.

There is an increasingly large volume of data

presently being accumulated on the total

normal emittanee of a variety of surfaces.
Indiscriminate substitution of these data for

those of total hemispherical emittance in heat

transfer prol)lems could lead to serious errors.

The equating of these two emit tance values is

permissible only when the angular distribution

from the surface obeys I,amt)ert's cosine law.

This report describes the techniques whereby

one can examine the relationships between

these two emittance parameters for various
classes of real surfaces.

The reliance that can be put upon high-

temperature emittan(,e data in solving heat

transfer problems at the present time is not

very high for several reasons. Emittance

measurements are inherently very difficult to

make because high surface temperatures are

|lard to measure accurately, and at low tempera-

tures background radiation is a problem. The

purity level of a given material may vary oi' the

surface may not be entirely free of contamina-

tion. The geometry of the surface may vary

as a result of different preparation techniques or

because of thermal etching or recrystallization.

Finally, the differences may simply depend on

whether the quantity being measured is total

normal or total hemispherical emittance. The
seriousness of the situation just. described is

evident when one looks at the published total

emittances reported for the same material as a
result of different investigations.

In accordance with the National Bureau of

Standards (ref. 1), the radiating properties of
surfaces are defined as follows. Emittancc is a

property of a specimen; it is the ratio of tile

rate of emission of radiant energy to that of

a black body radiator at the same temperature
under the same conditions. Emissivity is a

fundamental property of a material and is

numerically equal to emittance of a specimen

of the material that has an optically smooth

surface and is sufficiently thick to be opaque.
It is further assumed that the surface is free

from contamination and the crystalline struc-

ture and its defects adjacent to the surface
are the same as those of the interior. The

emittance and the emissivity can he either

normal or hemispherical depending upon

whether the comparison with the black surface

is of the intensity normal to the surface or of

all of the power radiated regardless of angle.

They can, also, be either spectral or totnl

depending upon whether the comparison is of

the radiation in a narrow spectral band or

whether it includes all wave lengths. The

293
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term spectral emittance, used in this report,

implies normal spectral emittanee.

An expression for the total normal etnissivity

of metals at moderately h)w temperatures has

been derived by Aschkinass (ref. 2) and Foote

(ref. 3). The theoretical fornnfla derived by

Foote and corrected according to the latest

value of the second radiation constant, (C2--

1.438, International temperature scale of 1948,

reference 4), is

_,=0.57,_(pT)l/_--(). 170(aT) _ 0.044(0T)3/_÷ ...

(1_

where T is the absolute temperature in degrees

Kelvin and p is the resistivity in ohm-era.

Taking the angular distribution into account,

Daviss[m and Weeks (ref. 5) have derived an

expression fro' the tot al hem ispherieal emissivity
of metals. With the latest value of C.,, their
fornmla becomes

_,=0.754(oT)'/2--()._:_5(oT) _ 0.673(pT):_/2+ ...
(2)

A number of assumpti()ns and approxinmtions

must be made before arriving at these equations

(rcf. 6). ,it higher temperatures, they become

less valid. The object of the research is to

develop a technique for making rather exhaus-

tive and precise measurements on a few ma-
terials in or(ler to help explain the wide varia-

tions in presently published emittance data and
the deviations of the a(,tual frmn the theoretical

data.

fh comparing the measured emittances with
the theoretical emissiviiv which was discussed

above, it is necessary in reconsider the relation-

ships between the two quantities. The emit-

(ance is equal to the emissivity when certain

conditions are met. (l) The specimen nmst

be opaque. This is not a difficult requirement

to meet for metals. (2) The specimen must be
h'ee of surface contamination. This can be

achieved reasonat)ly well by cleaning and polish-

ing the specimen and performing the measure-

menls in a sufficiently good vacuum or in an

inerl atmosphere. Even here an adsorbed

layer of gas is held at the surface except in the
nlost extrelne vaeuunls, ltowever, it. is as-

sumed that this layer is too thin to be of conse-

quence. (3) The ('rvstalline structure and its
defects a! the surface tnust be characteristics of

the materia 1 , ather than a product, of the surface
treatment. This will always be violated to

some exteni .y polishing or rolling. (4) The
surface must he optically smooth; once the

speci,nen is ; -quately polished, it will retain
a smooth su_ at low temperatures, ttow-

ever, 'it ele_;: ,' temperature, recrystallization
and thermal (_luhing take place and the spec-

imen appears rough to the eye.
Asi(te from tl,e difference between emittance

and emissivity, variations in measured emit-

tance can be _luc to variations in the purity of

(he specimq.ns _ omparisons of the electrical

resistivity ,ah serve as a check on this point.

Another possible source of wtriation in the re-

ported [q_fittam'(' v,dues is the difficulty of

accurate t('ml)eralure determinations.

The previous ineehanieal and thermal history
of a bulk lt_et:tl inttuenees its optical properties,

making it w_ry difficult to achieve reproducible

eon(titions for experimentation. Some investi-

gators in lhis field are studying single crystals

in an attempt, to overcome this effect, ttow-

ever, they haw • found that lninute imperfections

in single crystals also cause variations in their

results, l)espite these problems, several theo-
retical ide,s lha| describe _hese phenomena

have been pr'o1_ose(t, ['nforlunately, they have

not yMded ,n,thenmtie,l ,_xpressions which
are ('onsislel_tlv in agreem,'nl wilh experinlent

(ref. 7).

For pra,'li,',] purposes, the most important

paramet(,r of radiant heat transfer is the total

henfispheri<'al emittance. Since the toted nor-
Ina] emiilnnre is the parameter most often

measured, it is of interest to investigate the

relationshi I) bet ween the two for wtrious classes

of maierials. By using the techniques and ap-

l)aratus described in the following paragraphs,
the tolal h(,mispherical emittance, tolal normal

emil t+m('e, ttornml spe('tral emit tanee, and resis-

tivity ('an be measured.

THEORY OF THE METHOD

The differcnlial equation of heat tlow in an

eteetri('ally he'tte(l rihhon of ('onducting metal

is given I)v

• 2- _Z

+D..t(' +tul'al'4--od),rT, J
' 0¢
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where ! is the current; R, the resistance per
unit length; E, tile voltage per unit length; z,

the distance along the ribbon; A, the cross see-

tional area; K, the thernml conductivity; T,

the absolute temperature; 1), the density; (',

the heat capacity; _n, the total hemispherical

emittanc.e; P, the ra(tiating area per unit length;

a, the Stefan-P;oltznlann constant; an<l a, the

ahsorptivily of the ribbon at temperature T for

radiation with a relative spectral distribution

equal to that of a blackbody at the wall tem-

perature T_,. ']'he terms on the left side of this

equation represent the power generated within
the ribbon an(l are equated to the power dissi-

pated by conduction and radiation plus t_he

energy stored. The last term on the right is

the power absorbed by the ribbon from its

surroundings at temperature T,. This equation
does not include a convective tern! since a

vacuum cnvironnwnt only will he considered.
It, is also assumet[ that the walls are non-reflect-

ing. In a steady state condition at the center

of a ribbon of sufficient length to establish a

uniform temperature region, the energy will 1)e

lost by radiation only. Then this equation
reduces to

FR=IE-:I'a(_uTa--aT2) :tuPa(T _-_ ToO
EH

It is often found that _/eH is set equal to one,

or that the term aTo4/en is neglected altogether.
The omission of tile term will account for an

error which is less than c71 /_, when T/To is equal
to 3 or greater, hut if To=300 ° K an appreciable

error may occur when dealing with ribbons _t

temperatures much less than 1000 ° K. When

aTo4/e_l is taken into account, lhe problem arises
as to wha! value to atlaeh to a,/o_. One method

of reasonal)le approximation is to consider equa-

l!on (2). If tile radiation from the surroundings

at 7'o is assume([ to have a blackbody distribu-

lion, lhe absorptance of the ribbon based on

the free electron theory of metals at tempera-
ture T he('omes

o_ -,_(p'I'_)) l.'2+ b( pTa) +c(p Tn)'_z2+ . . .

where p is the electrical resistivity while the
emittance is

_. -a(p T)_J" + b(o T') + c(oT)31: + . . .

from which

_ a(oT_)_2+b(oT_)+ ...
_, a(pT)_/_+(hoT)4 - . . .

an(|

_ To-,l/2

(3)

When the voltage pet" unit length and the

current are known, both the resistivity and

total heufispheri('a] emittanee may be found

from equation (3). "['hus,

EA
O ) (4)

a11(l

El
_H _T ,,1/2 "3

(._)

The tolal normal emit t_m('e may be determined

with a thermopile that has been calibrated for

hlackhody radiation by comparing the normal

emissive power of the specimen relative to

that of a blackbody at. the same temperature.
'['hus, tile total normal emittanee is:

*"-P" Fv,
_- L -_! J

(a)

where B is the thern|opile calibration constant

and x is the thermopile output voltage.

Now the ratio of total hemispherical to total

normal emittance may |)e arrived at by two

methods. First, by the quotient of the emit-

tances from equations (5) and (6) and, second,

by measuring the angular distril)ution of

radiation from a plane surface. 'the ratio hv
the first method is

¢u E1 (7)
e.v- 71-lJ_3 •

The calculation of this ratio by the latter

metho(l is hase(t on the following ([erivation.

The total ra(li_mt power emitted into a hemi-

sphere per mill area is

,,2 crT 4
H cHaT 4 _, --/'(0)2_r sin 0 dO (S)

692-146 0--63--20
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where +xaT4/rr is the power emitted per unit

solid angle normal to the surface, .[(0) is the

ratio of the intensity at angle 0 to tile normal

intensity and 2+r sin 0 dO is the differential

solid angle. When the assumption is made

that the emitting surface is l.ambertian, then

./(0)=cos O, but this is not valid in the ease of

polished metals. The expression for the ratio

of total hemispherical to total normal emit-

tanee may then be written

+H=2fr/2 flf(O) sin 0 dO=2 .f(O)d (cos O)
6N •lit , _ n

This may be numerically integrated in the
form of the sum

_A=2 El f(o,) (cos o,,-eos 0.,+,)=_ .=,
6N t;= I

(9)

where S is the uumber of e(tual increments

along tile cos 0 axis 1)etween 0 and l, and the 6

are chosen such tlmt the cos O, are separated I)3"

equal increments of l/S", and f(O,) is the ratio

of the intensity at O, to the normal intensity.
Since the interest here is only in relative

intensity, no absolute calibration of the de-

tector is necessary as in the ease where the
detector is used for direct determination of

normal emittanee.

The spectral emittance at 0.65u may also

be readily (leternfined if the true temperature
and brightness temperature of tile ribtion are
known. On the t)asis of Wien's law, the follow-

ing relation is estal)lished

_x exp (--c=,/XT)-exp (-c2/XT,)

where Tis the true temperature of the ribbon

and Ta is the twightness temperature. This
reduces to

e_ exp[ 2.21IX104(TT--T_A)] (1(1)

where X-0.65# an(t c:- 1.438. Therefore the

total heniispherical emiltanee, total normal

emittan('e, spectral emittance, and resistivity o1'

a conducting ribbon may Ire found if the true

temperature, apparent temperature, current,

voltage per unit length and angular distribution

of emitte(t energy are known.

EXPERIMENTAL ARRANGEMENT

Figures 31 1 and 31-2 are pictures of the

experimental arrangement. The sample under

test is in the form of a ribbon 12 in. long,
0.4 in. wide, an(t 0.005 in. thick. The ribbon

is sui)t,(wted vertically in a mount capable of

being rotated 230 ° about the ribbon axis. To
a,'('ouut f(ir ,,xpansion, a tension adjustment is

at.ta('hed to the lower support arm (which is

hinged) and ,mty be adjuste(t during operation

})y a rolatin_ vacuu]n feed-through. This is

a(,<.Omlilished by rotating the ribtlon mount to

align a ton_:ue and groove (.onfiguration. The

rit)t)on <'Inraps and expose(t supporting structure
are force _v,_ter cooled. Power is delivered to

the ribbon by ttexible 4/0 copper cable which

is spiraled wilh the Viton A cooling water hoses

at lhe upper and lower supports. Sufficient

slack is ,,ntt)loye(l to allow 230 ° rotation.

The lhermopile is the detector from a

Minnealtolis-ltoneywell "RadiomatiC' pyrom-
eter and consists of 10 iron-<'onstanton ele-

inents with a ,'ireuhu" contiguration 3 ntm in

diameter. The thermopile housing is water

cooled to rive cohl junction stablization and
hlack,me<l within with camphor black to

minimize reflections. The radiation enters an

aperture width can be a<ijusted to vary the
vertical [ieh[ of view, and impinges on the

detector which is <'oated with an aqueous solu-

tion of lamp t)lack. An electrically operated

shultor opens or closes the entrance. The field
Of view iS wi(|er than the ril)bon and approxi-

mately 11.04 .(18 in. along its length. In order

to be stir, l lint radiation seen t>y the therlnopile

is dire('[ and ,tot Sl)Urious reflections or radia-

tion I'rom ,_lher internal eOml)onents, a water

(.oole,[ l)l:tt, _ is mounted I)ehind the riblion and

Ol)l),)sil(, ll,,' timrmopile. The llla('kened sur-
[ace of the plate (fig. 31 1) has tmrizontal 30 °

_rooves, !i_ in. deep, and forms the total fieh!

of view of 1he thermopile (except for the ribbon).

Th(' t,,iJp('rature and voltage per unit length

are (](,lel'lllilled by attaching fine wires to the

rilil)on _ti,'r],to('ouple wires for tenqlerature).

Two tt,<'htli(lues are use(I for atta('hment de-

lien(lin_ ' (m the mnterial. ()tie is tit(, direct

wehli.(; of ().005-in. wires to tit(, rillbon; tit('

other ('¢,,sisls of drilling 0.005-in. holes in tit('

ril>bot_ a_,l swa,.,'ing the en(l of the wire in the
hoh,. 'l'lw swaging technique results in a nearly
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massless junction am| is ge,wrally preferabh_

to welding; however, when the sample has high

ductility (platinum, gold, etc.) arm the melting
points of the samt)lc and attaehe(l wires do no!

differ widely, weh[ing is more satisfactory.

"['hernm('ouples i)resently |)eing used are

()hromel-Alumel, phdinum-platinum, 10% rho-
(lium, and tungsten-tungsten, 26% rhenium.

In the case of the tungsten wires, welding has

been unsuccessful due to the room temperature

brittleness of the metal. The tungsten rib|tons
tested have had 0.0()5-in. holes (h'ille(l success-

fully by the "Elox" process permitting the
tungsten and tungsten, 26% r]mnium wires to
be easily swage(l to a fit'))) fit. The eleetri('al cir-

cuit of the thermoeouple is completed through
the ri|)l)on itself with the wires attached about

().(fin. apart on a line perpendicular to the a-('
healing current flow in order to minimize a-e

picku I) in the extel'md measuring circuit.

This npl)aratus is enclosed in a water cooled

chamber and maintained at a l)ressure of allow!

10 -') torr. A liquid nit rogen cooled baltle syst e)n
is installe(I |)etween the oil diffusion pump and

the eh)md)er to aid in maintaining a good va('-
mnn. Many precautions have been taken to

insure a minimum of outgassing as system com-

ponents become warm due to )tl)sorption from

the hot ribbon. All internal wiring is either
I)are or ceramic coated anti will withstan(I red

heat without noticeul)le effect. Water hoses

are Viton A (low outgassing) and other compo-
nents are either Inetallic or ceramic.

The external electronics consists of a precision
potentiometer for temperature determination,

a (I-e microvoltmeter, anti a (ligital d-c volt-

meter to amplify and (lisphty tim therniopile
output (overall accuracy, ± 1%). An a-c to

(I-c converter is used in conjlln(_tion with the

digital voltmeter to measure the voltage per

unit. length in the uniform temperature region of

the ri|)l)on (measurement accur)wv: ±0.25%).

The current is (letermined from the voltage
received across a precision shunt as measured

with a-c (o <[-(' ('onverter (overall a('eura('v

±0.5%). The power souree is a 10-kw voltage

regulated variable a-c power supl)ly. A micro-

optical pyrometer is used for |)rightness tem-

perature measurements. A precision gearing
system with dial resolution of ().1 (leg is use([ to
impart angular motion to the villi)on. By
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using a simple potentiometer circuit, the angular

information tnay be displayed on the digital
voltmeter. A digital printer connected to the

digital voltmeter for convenience becomes a

necessity when physical properties change
rapidly with time.

CALIBRATION AND PROCEDURE

The thermopile was calil)rated in its normal

moth, of operation l)y sensing the power radi-

ated normally t)y a platilmm strip blackened
with eleetrolytically det)osited platinum from a

ehlorot)hitinic acid solution. The total power
ra<liatc(l per unit area of surface was determined

by the volt age gradient and the current through

the ril)bon. The principal function of the black

coating was to produce a diffuse radiating sur-

face whose radiant intensity was proportional

to the cosine of the angle of emission with re-

spect to the normal. Under these conditions,

the power radiated per unit solid angle normal

to the surface is simply equal to the electrical

power dissipated divided t)3" +r. The angular
distribution of the radiation was measured

whence the cosine law was followed very closely

(fig. 31 3). This demonstrated the reliability
of the angular measurement system and the

fi'eedom from wall reflections, as well as verify-

ing the assumption of a radiating surface which

obeyed l_ambert's cosine law. At 973 ° K, the

true temperature as determined with a thermo-

couple was within 1.0% of the brightness tem-

l)erature nleasured by the disappearing filament

optical pyrometer. Also, the power tempera-

ture obtained by equating the electrical power
dissipation and the Stefan-Boltzmann radiation

law was within 1% of that indicated by the

thermoeouple over the range of temperature
from 700 ° K to 1100 ° K. This was a verifica-

tion of the blackness of platinum black in this

temperature interval. Below 700 ° K, devia-

tions are probably due to the semi-transparence

of the black at long wave lengths. The linear-

it 3' of the thernmpile was checked by plotting the

electrical power dissipation versus thermopile

outl)Ul voltage as shown in tigure 31--4 tip to

the limtxi]mlln temperature at which the l)lack
coating was st alile. This lireakdown occurred

just, above 1100 ° K. The total radiant power

of a blackened strip at 1100 ° K is apl)roximately

equal to that from a l)olished platinum strip at

I(;00 ° K. The linearitv of the thermopile over
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The disappearing-filanlent optical pyronleter

was capable of measuring the brightness tern-

perature of :l spot as snutll as ft.001in. in linear
([imensions lind couhl (letecl differences in tem-

perature in lhe order of 1 or 2 (leg. The py-
rometer w_ts calibrated against n secondary

standar, t bht('kl)odv furnace (emissivity of 0,99)

at 1273 ° 1{ and its lineariiy was checked t)x

observing a 1ungsten ribbon fihunent tit a higher

temperature on two different pyrometer scales.

The estilnltted accurltcy of t>rightness tempera-

t ure lneasurements is better than ±1%. The

optical pyronleter has been used to give a more
accurate indication of true temperature by ob-

serving lhc difference in temperature between

the point of thermoeouple contact and its sur-

roumliags. Assundng that the spectral emit-
tanee of the ribbon is constant over very small

temperature changes, tilts difference nlav be
added to that ineasured t)3' the thermoeouple

an(1 llas lliliounted to at)out 5 ° (' to l() ° ('

depetuting on lhe sliinple involved and the

ILeln porH l tl le:

For Imlisilin<,/, Salllples are attact/ed cir-

cmnferuiitinlly eli li rohitable druni that Call
he hiwcred lo ltie surface of tt rotating lap.

The nxi'; o1' lhe druin and hip intersecl ltl

i'ight liilT"les. Ill this way lhe lap, which rotates

Ill high speed, coilla(!ts the ribbon over ii small

iireli' the whoh, ribbon being polished by rotal-

in 7 the qlruin slowh-. The resnlting polish,



Total Normal and Total Hemispherical Emlttance of Polished Metals 301

using fine alumimnn oxide powder, is very
specular.

in order to determine the electrical resis-

tivity of the sample as a function of tempera-

ture, it is necessary to know the cross sectional

area to a reasonahle accuracy. There arc

three ways of determining this area. First,

knowing the length and width of the ribbon

plus the density, the area may be computed

from its measured weight. Second, the area

may be computed from direct measurement of
its width and thickness. Third, if the eleetrieal

resistivity at room temperature is known, the

average cross-sectional area between two points

on the ribbon may be ¢letermined from a
measurement of the resistance between these

points. In the first case, published values of

the density are not a(le(luate for the present

purpose since this property is apt to vary

significantly depending on the manufacturing
technique. With refractory metals (our main

emphasis), where powder metMlurgy or arc

casting are prevalent, the problem is more
serious than with platinum, gold, etc. As an

example, the density of tungsten varies from
16.5 to 19.3 grams/ee as one goes from the

sintered (up to 31)00 ° (:) through the swaged to

the drawn state. Although the width and

length may be measured with fair accuracy, the

thickness ineasurement has not proved to be

satisfactory due to slight variations along the

ribbon. A micrometer has been found to give

thicknesses about 5 to 10% higher than the

average eross-seetiomd area determined by the

assumed wflue of electrical resistivity. The

resistivity at room lemperature is sensitive to
density as well as purity, llowever, the

percentage variation in published values of

room temperature resistivity appears to be

generally less than the variations in density.

In addition, the resistance measured at room

temperature is between the voltage probes

therefore taking into aecount dimensional

variations resulting in _m effective electrieal
cross sectional area. The latter method has

been used up to lhe present time. Conse-

quently, while the wlriation of resistance with

teml)eralure is (.ompletely measurable, the

magnitude of the resistivity at any tempera-

lure depends on data from other investigations.

While emittanee properties are of principal

concern, a precise determination of the density
of the actual specimen being tested should be

accomplished in order that a more accurate
measure of resistivity could be made simul-

taneously with emittance.
The total hemispherical emittance is de-

termined from equation (5) and the total

normal cmittance from equation (6). The total

normal emit tance also may be determined with

equations (5) and (9). The spectral emittance
at 0.65 _ is (letermined from accurate measure-
ments of the true temp rature and the bright-

hess temperature in (.on junction with equation

(10).

RESULTS

To typify the type of information available

with this system, some data on platinum are
inehMed, Figures 31 5 and 31 6 are graphs

of the anguhtr distribution of flux from a

platinum ribbon at two different temperatures,
plotted against the ang!e of view (from the

normal) _md the cosine of the an_zle of view.

In these figures, the cosine of the angle of view

equals the relative flux from a l,aml)ert surface.
The departure from a l,ambert surface of a

polished metal can be readily seen. In figure

31-6, the ratio of total hemispherical emittance
to total normal emittance can he vismlized

easily as the area under the experimeI:tally
observed curve. The area defined by the

straight line segments is equal to unity. Al-

though it is necessary to measure only the dis-
tribution in the interval 0 <0<9t) ° to find the

ratio, it, was found advantageous to use the
interwtl --90 <0<90 ° so that the effect of a,ny

angular misaligmnent would be averaged and

there would be a cheek on possible spurious
reflections. This ratio is shown as a function

of total normal emittanee in figure 31-7. The
dashed curve is the theoretieal ratio obtained

from equations (1) and (2). The cxperimenla|

values of the total hemispherical and total
normal emittanee are shown in figure 31-8

along with the theoretical ('urves based on

equations (1) and (2). The total normal
emittance was ot)tained 1)y the thermopile

deflections and equalion (6) 'rod also t)y dividing
the total henfispheric_d emittanee 1)y the ratio

ohtaine(t from t he angular distributions.

Spectral elnittance data as determined with
the optical pyrometer _tnd thermocouple ac-
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cording to equation (tO) are shown in figure

3l 9. T]le speeh)leil ]mti sonie surface pet'u-

liarities giving rise to the spread seen l_ttl_(,

higher tenlperatures.

'these (h_ll_ orl p]atinum were taken on :l

prototyp(, apparatus whi('h was identical in

principle _m(l technique, llowever slightly (lif-
ferent in form. The de)_i],_ of that instru-

mentation may l)e found elsewhere (ref. G).

,_tudie,_ h.ve also been made on molvb(ienum

(ref. x) _i)i{i :_r(, c)ar)'e)_t]v it) progress o)) tanta-

Imu. _,_,,_i(,)l. _iohiu,,l. ira(1 ('IH'omium.

CONCLUSIONS

l it_,trliliiel]_atiOll has [)('ell designed, fabri-

('at('_]. ;IT]il tl'_te(l for tile nleasurements, over a

wide ten,permit ure rltn_'e, of the tohd }]emispheri-

(.a] (,inilt_nve, lolal normnl emittanee, an_ular
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<listrihutioll of tot_tl flux, +tn(l the spectral

enlittall('e at ().G5 nlicrolls ol1 a single surfa('e

of a. ele(:lricallv heated metallic strip. The
estinmte(l over_dl _lectnr.<'v of the system iu

_Sa/c. The appar=ttus is ('_Hmhle of studying

all mehtls (_lwtilahle i+l rihhoTi [orm) up to their

1600

melting poix_ts; however, present temperature

(letermi]fing techniques limit the accunlcy ahove
:_000 ° K.

Plans are curre.tlv tm(lerwav to m_tke

spectral measurcmeuts from 0.4 microns to 25

micro1_s as _ function of angle, temperature.
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and l)lane o1' polarization. (_uartz and potas-

sium t)romi<le optics will t>e used. The fact
that these measurements can t>e made at the

SIlIIIP time as the Iohtl emittance Iileas/lrelllen[s

demonstrates the versatility of this technique.

The (!urrent expanding interest in the optical

properties of metals at high temperatures and

Eff('ct of absolute t.('mt)oratur_' on -t.'ctral ,,lnit, tance at. 0.65 _.

under various environmental conditions in-

creas('s the need for a more sophisticated and
detailed _tmlv on a Few materials as well as a

general ir_v.,stigalion covering a wide range of
materinL,,. Both m4v be readily accomplished

with this apparatus.
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DISCUSSION

,l. I{ICtIMOND, .NBS: This paper is now open for dis-

cussion, and 1 would like to start out by asking how

you got values at angles Ul) to practically 90 °. These

are the frst data I have seen obtained at such a very

narrow grazing angle, l)o you have a very wide

specimen to get such data?

AnmrrT: In reality, the width of tim ribbon is less

than the field of view of the thermopih,, llence, the

radiating area seen by the thermollih, varies as the

cosine of the angle fronl the normal. A specimen with

a l,aml)ert sllrfaee woul(l thelt [tax,(, a true cosine ra<lia-

tion depen(h,nce. Th. radiation from the O.O05-in.

edge at grazing incidence t)eeolnes a sorious factor only

within the last coulAe of degrees. E<lge radiation has

virtually no eff('t't on the integration of the angular
distribution.

V. J. I ) ESA N'lq s, Space Scienee l,aboratories, (hmeral

Electric Co.: What quantity of radiation do you think

is contributed t)y losses due to conduction, convection,

an(l chang(,s in area (hie t.(t thermal exl),tnsion. 9

ABBOTT: The ('onduetion terln in the heat balance

equation a('tua]ly gops to zero since the uniform portion

of the ribbon in th<, middle is being used. In other

words, the heat g('nerated is lost Olfly by radiation in

the uniform t('mperatur( region. That is why a long

ribbon ism,ed(,<I. With respect tocon(luetionttownthe

wires, this is snmll at high temperature due to the rather

large amount of power being generated and the small

diameter of the wires. There is a slight temperature

del)ression at the l)oint of contact of the thermoeouph

wires. This is accounted for by observing the area

adjacent to the thermoeoui)h_ contact with an optical

pyrometer and then observing the general area of the

specimen. If it can be assumed that the spectral

emittance is constant over a small temperature differ-

ence in the order of Ill ° C, this observed temperature

difference can be added to the th(rmocouple measure-

tnent. "_Ve are runlfing at l)ressures of about 10 ,5

to l0 ¢' torr which are adequate according to studies

we made in our laboratory using calorimetric techniques

where we varie(t the t)ress(lre and measured the emit-

tanee of a blackene(t samph,. The emittance was

observe(t to be constant below a pressure of ]0 4 tort

at, a tempt,rature of 74 ° C indicating that convection

losses were insignificant in this I)ressure range, 1)articu-

larly at high(,r teml)eratures since the ra(liant heat

transfl,r is a function of 7 '4 compared to some lower

I)ower of 7' for convective or free molecular conduction.

The linear exl)ansion (hie to temperature was not

considered in these results.

I)wmnT M(mRV, NBS: I t)elieve you have mentioned

l ha! the accuracy of tit(, llnqL,_urelllellt wa.s ll, t)Ollt 50_0.

Did that al/l)ly to both the normal me_murernent and the

hemisl)heri('al IDeasurettlellt? I,Voul(I the ae('uracy of

the ratio (>f lit(' two b. of at)out that same ma_nitu<h,?

Also, Ito_ did you arrive at thai, 5%?

ABB(¢r'I': A 1% error i. t(qnper:_tur(, is :lpproxinuttely

a ,1% error in emit(ante, t)asetl on 7 ,4. "rherefore,

I% error is as low "is l)ossible for lemperature measure-

ment. 'Flit, actual angular dist.ributi(m, itself, I wouht

consider the most aceur-m,. W[, haven't made till)"

errnr an'dysis, but the ratio measurement, t)eing a rela-
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tie(' technique not depending really on any absolute

mnnt)er, is l)rob'd)ly quite accurate, and we have been

abh, to reproduce it to within about 1%.

In measuring normal emittanee, the calibration of the

thermopile is probably the least accurate factor, due to

t hermopile cold junction temperature change. These

measurem(,nts were m.tde on a system that did not have

that blackene(l baekgroun<I that I shoxxed you. Since

Itletl W(' have nlade ()(her measurelnetlts with a cooled

lh('rmol)ile, but there was son(t, heating of the back

w:dl <)f Ill(, bell jar which at lhat time <lid cause some

error in the calibration of the th('rmopih,. In other

wor(ls, these things were thrown in with this 5% that

we feel could be low(,r, but not 1)Iu('h.

Mo(l_E: ])id you haw' any relh,elion error from the
_xalls?

ABB(rl"r: We did at first, so x_e had to move the bell

jar until the ribbon or supl)orts were not at a conjugate

focus. The i.si<h' of tile bell jar was blaekelw(t xxith

bhtck l)ainl. The di:tm('ter of the bell jar was 18 in.

which is large coml>arpd to the sample size, and this

minimized the reftectiot_ l)robh'm. One _ay to cheek

for these refh'etioIlS ix lo plot the angular distribution.

There wer(, irregularities on tit(, curve which were

eliminalpd t)3,t)ainting and reorientation of the bell jar.

C. II. LEI(_U, AVC()Corporation: The deviation from

the cosine laxx seems to be somex_ hat temperature de-

l)endent. Could this by expl'dned by surfaee changes?

ABBOTT: It is also exl)laine<I theoretically. The

ratio of equation (2) to equation (1) sho_s this tem-

erature <h'pen(h,uce. Th(, temperature dependence of

pmittance, either hemisl)herieal or normal, ix related to

telnperature and rt'sistivity as ill equations (1) and

(2). Surface effects could cause a slight change ill the

ratio x_ith time "Lt high temperature but they uould not

t)e responsible for grt'aler deviation in the cosine law at

lower telnperltture.

LEIGH: Were calculations of resistivity and tempera-

ture eoetIicient of resistivity from your measurements?

ABBOTT: Yes. This x_as difficult because the thick-

hess of the sample )nusl t)o know(: accurately to make

accurate measurements of the resistivity. Fortunately,

for (lie emittance measurements, the perimeter is the

only thing that is needed, and this eal) t)e measured

easily. But the thicknesses have been quite a I)roblem.

There are severM _xays of getting at this. Measure-

ments of resistivity "is a function of temperature werp

m'l(h,, and the errors tit'(' large. VG, have done some

r(,c(,m xxork on thickness measuring, "rod x_(, xxill be

abl(' to mtil lhat down a little bit better, xx(' holt('.

I{JCHMOXD: Could il be done by xxeighing th(' speci-

men aim using the average weight per unit length?

ABB()TT: Well. _tlm( x_(, hay(, undertake)l is density

m('asur('nwnts ('ssenlially aiM/or x_(,ighing il it) and out

of water, l'tlfortulmlely, Ill(' (hmsily ()f, say, tungsten

is ;my _h('r(' from 16 (o 19 sl)ecifie gravity :.tti(l the

weigh( nf the samph, its(,If is in (lle ord('r of 7 or 8

grams. The I)r('cision of our (,(tuilmwnt is such that

_x(, l)_av(,n'l l)(,(.n able to _('t rel)rodueib]e results meas-

uring density. W(, do not know _hy. It just doesn't

s('eH1 to work out.
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W. CLAYTON, Boeing Conq)any: [_ it true th'tt your

thermopih' caLibration wa,_ I)a_.'d on a plat;mini t)lack?

That is what I understood.

flkBBOTT: That is correrl.

CLAYTON: Thell possibly ;ill v_mr results shouh] be

biased on tile high side t)ecaus_, of temperattlre lt]eas/it'c-

ment and calibration errors. In the first place, an

optical reading is compar_M to a thermocouph_ rea(iin_.

A thennoeoutfle attaclmd to the, sm'faee will always

read low, giving a high vahw for mnittanev. ] dm_bt

if 10 ° correction is sutticil,nt. [ don't t)eliev(, that

sighting an optical next to th<, th('rmoeouph, and then

away from it will i)i(,k up tit(, real error in an attached

thermocouple. S(_eon(tly, you bas[,d your (h,eision that

platinum was a black r(,fi,rt,ne_, on a total henfispherica]

measurement which also has tlw same error in it. So

the error has llot be('n canceled. Your overall aeeura%

is probably close, to 5 1()9_ with all the answ_q's

being biased high because tmnporatm'(, will be low.

AI_BOTT: If the platinum black surface were not

black, lb. I_tal hemisltherieal era;trance, as det(.rmiIwd

with the p.w.,r balance technique, and the ol)tical

pyrom(,ter temperature Wotlld not be equal to 1, which

it w.ls. I fth(,(,,)inci(hmceoccurred wher_,bythosurfac(,

was not J_i:trk and the optical pyromvt_,r (.rror awl th,,

thcrmoc_.lpl. _,rror were both Sllch as t,O give' a resllltalll

calclllat_,_l -IHitlance of l, I wouht agree with ytm.

}[ow(,\or. l tl_' pryolll(,t[q' aim th('rmoeouph, hay(, t)(mn

imh'p('mt,'lltl 5 calibrat(.d. Also, the blackm.s,_ of

platinmi_ },la('k has b(,en veritiod in ind('pi_nd(,nt calori-

metric [l;_qiSlll'l'lllI'lltS. ] sh(tul(l re-emphasiz(- that ['ach

l_hm'm(w._q)h, wir(' is attached s('parately to the ribbop,

so that ill(, junction is really two junctions ill sm'i_'s.

Th. d,'vr_,as, in t(,ml)(,ratur(, is readily observed with tlw

opti('al pyrom(,t(,r as one al)proach(,s the point .f con-

tact of th!' ii.tividual wires. Theoretically, on(. w(mhl

IlOl I.xIH'I'I It "_llf]dOll increase or d_,er(,as(, ill tellipl,ratilr(.

within the, last ().(lOl ill. which Call be r('solved with thr

I)yrollwt('r Ill ('fleet th(ql, we at'(' Ii]oasIlrillg t hi'

t(!_'lll)_'ra[ ur(" _il: a stlrfae(,.



32--A SIMPLE TECHNIQUE FOR DETERMINING
TOTAL HEMISPHERICAL EMITTANCE

BY COMPARING TEMPERATURE

DROPS ALONG COATED FINS

BY W. H. ASKWYTH, R. CURRY, AND W. R. LUNDBERG

PRATT & WHITNEY AIRCRAFT DIVISION, UNITED AIRCRAFT CORPORATION, EAST HARTFORD, CONNECTICUT

A simple technique for determining total hemispherical emittance in vacuum is de-

scribed. The method is based on the principle that if fins which are identical in every re-

spect except emittance are heated at one end to the same temperature, and in the same

environment, the temperature drop along the length of tim fin is a function of the era|trance

only. It presents the advantage of extreme simplicity and low cost, making emittance

measurement of large numbers of saml)les quick and inexpensive.

Emittanee d(,terminations are based on a comparative technique rather than on an

analytical calculation. Several identical fins with coatings of known cmittance are heated,

at one end, to a given root teml)_,rature and the root*to-t| t) temperature difference, A T, is

measured for each fin. A correlation of 3 T as a function of emittance may then be obtained

for thai root temperature. Coatings with m_known emittance may be applied to similar

fins, and the 5 T across these tills may he interpreted from the correlation as corresponding
to a particular emittance.

For a particular temperature level of interest, a fill can be chosen to give a A T which is

large t'nough to measure accurately, yet small enough that it can be assumed that era|trance

does not vary significantly over the temperature span.
Several aluminum fins had been coated with various coatings of known era|trance and

heated to approximately the same root temperature. A comparison of the A T for each fin

to its value of emittance indicated that a good experimental correlation can t)(, el)rained

even though no effort was made to control the significant param_:tcrs carefully. Good

agreement is obtained by comparing the correlation to analytical determinations of emittance.
An analysis of the fin parameters net,deal for l>articu)ar temperature ranges indicates

that this method is l)ractical for temperatures as low as --100 ° F and at least as high as
1350 ° F.

()f the many methods used to deter|nine,

with reasonably good a('('uracy, the total

hemisl)herieal emittance of materials in vacuum,

few, if any, exist which permit rapid era|trance

testing of coating materials. During the prog-

ress of an emittance measuring program at

Pratt & Whitney Aircraft (ref. 1), it becam(,

increasingly appaI'(,nt that it wouhl be des|rat)h,

to develop m,w methods for rapi(I testing of a

larg(, rmmber of sanll)les. As new coati/lg

materials with high cmittance were found, it

was observed that, in most cases, it would be

wise to investigate several variables in the

coating composition or procedure which could

have a significant effect on (,mill ante.

Therefore, an apparatus was conceived which

could be designed and built in a short time,

which would be rehttively inexpensive except

for the cost of the vacuum equipment, and

which would permit rapid screening, including

set-up time, of larg_' mmlbers of samples. Test

samples to be used with this apparatus can be

easily prepared for coating (such tts by stmd-

blasting) and when ('oated, are sufficiently

rugged to eliminate the necessity for extreme

car_, in handling, and can be readily instru-

mented and installed. No elaborate, and,

therefore, expensive, electrical or optical systems

are necessary, and data taking is simplified to
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the degree that highly skilled test-stand per-
sonnel arc, not required.

The method described i, this [)aper for rapid
emittanee testing is based oil the prineil)le tim!

if radiating fins which ar,, identical in every
respect except emittancr ar,, healed at. one en(t

to tit(, same temperature and in the samr

environment, the root-lo-tip temperature dif-

ferences of the tins (when compared to ea('h

other) will depend only on the emittances of
the fins.

NOMENCLATURE

Symbols

A cross-sectional area of fin per- f,(a

pendicular to conducted

heat flow

1,,(@) 1/[(I,(I --r¢) + 2¢qt.'= ime-

g;ralM of apl)roxim:_l,, soht-

lion of (.(lllttt iOll (71)

l,(,l_) -- 1/'[,1)(l- r, 4) +24:_ $ 2dpa } el,a

-r-4'Le5] l'a, integrand of exacl

sohltion of equation (6)

k thermal conductivity of fin B/hr-ft-¢R

material

1, tip to root (total} fin length ft

L,_ approximate soh_tion for L ft

based on equation (7)

L, exact, sohllioI) for L )):tsed on [l

equation (6)

m = d T/dx ° l?/fl

P radiating portion of fill l)erim- fl

('ter aro_ln,t a section per-

pendieular to the direelion

of conducted heat Ih)w

7' --T(x), temperature of fin at o R

distance x from lhe lip

A T -- T,-- Tt ° R

T. -T(L), te,nperatm-(, of fin ° R

root (:tl (listanc'e L fr,)m the

tip)

T, effective (emper'_ttlre of sur- o R

roundings to which fin is

radiating

7't =T(0), temperature (If fin al o R

tip (i.e., al x=0)

t half thickness of recl'tngular ft

fin radiating from bol h sides

w wi(lth of r(,etanguhtr fin fl

x distance m,'asur[,d from fin tip ft

1oward _ he roo_

fl_ := A ,*-- _qp L. _-Tta/'k ,I

B, -- A 2 : _apL/2 7'/VkA

total hemisplmrical pmillan(u'

of fill surface

--"P,/( I -- r._), temper:_t tire p:l-

r'tlneter

X (_O-l,X2Tt_:k.l) _: tit_ h,n_th

t)}lr_L IlIp I (q'

m" (¢_,.r_J',a/kt) a!2 rectangular-

fin length parameter

A. : (..pL 2Tta/kA),f2

a ,, (_crp I, 2 T?/kA)'/_

a 1).173 x 10 _ (Stefan-Boltz- Btu/hr-ft:-=R _

m;, nn c(mst'mt)

r "r (;') "l'(z)/Tt

r, :_(1,!: T(L)/7',

r, • T,'7",

:,I,(_1 : (7'(x) T,)/'Tt

co, ,'1, t,) (7'_ T,)T,

Subscripts

a approxim'ite value per eqlmti(m (7)

c exact value per equation (6)
r ,_f t).' fin rool

x t_f the stlrro/ln(|in K Ullvir(Hl[llOlll

/ of th(' fin lip

DISCUSSION OF METHOD

Analyses of radiating fins (ref. 1, 2, and 3)

show that tim temperature drop along a ra(liat-

ing fin is -, funelion of a generalized length

])al'_tlnel c,r.

(e_pLZT, a)/k4 or (_aL"l)a)/k,

root te_npen_ture and of sink lemperalure.

Thus, if ihe thermal conductivity, sink temper-

ature, and geometry of a fin are known, and the

tin is heated to a given root. temperature, this

generalized parameter reduces to a constant
times emitt'mee, and the temperature drop

along the fin becomes a function of emittanee

only Bran.|t, Irvine, and Eekert fief. 2) used

this l)rit.'iple to determine the emittlmce of a

pure ir(m ',,,'ire.
The ._et hod discussed herein does not involve

,m analyti,'al determi,mtion of emittance. In-

stead, it compares the temperature drop along
a eont,'d ti. of unknown emittance to that of

fins with coatings of known emittance, If several

tins, of the same _zeometry _md material, are

he;tied to the same root, temperature and the
emitt,_n,'e of each fin is known, a eorrehttion of

liw root-to-tip temperature drop, AT, its a

fum'lim_ofemittanee, can be obtained. Figure

32-1 sh,)_-_ ;m example of such a relationship

for a given set of conditions.

.'t fin with a coating of unknown emittance

may then b,' heale(I to the same root tempera-
ttll'e _ilId tile AT Illeasured nlay be interpreted

from liffure 32 1 as corresponding to a particular
value of ,_nitlanee.

()m, disa,lvantage of this technique, as dis-

('ussed t_I_ lo lifts point, is that it requires
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ill / O COATINGSOF ('(NOWNEMITTANC_
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/ I O COATINGS OF UNKNOWN E'ITTANCE

/ST

Froum,; 32-1. Typical calibration curve.

heating each fin to exactly the same root

temperature. In practice, this could become

very time consuming and thus defeat tilt,

purpose of this technique. Therefore, it would

be desirable to heat the fins to root tempera-

tures which wer,, only approximately the same.

In the appendix it is shown how the fin param-

eters may be manil)ulatett so that a general-

ized family of curves emerges in which the

parameter fl is a function of T,/T, and 7'jT't_
as shown in figures in the appendix.

If the effect of 7; on T: is made to be negli-

gibh,, the us(, of these curves simplifies lh(,

(lata-taking pro<'ess considerably. It becomes

necessary to heat the various test fins to only
a reasonably approximate common temperature.

The only |erm in lit(, generalized l)aranleter

which is )tot easily measurabh, anti not always

known precisely is tilt, thermal conductivity,
k, of the fin. Howew,r, if all it,st fins are made

from a single shee! of stock (for example,

several hundre<t 2-in. I)y 2-in. fins can be made

from a 4-ft by 841 sheet of alumi)mm), conduc-
tivity, like the geometric variables, is constant
for all tests.

An indication of the merit of the method

under discussion for the measurement of tot,il

pl)littai'lt'e was obtained at l)l'at{ & Whitney

Aircraft whih, ('otltlut'ting a program ('on<'ertw<l

with subject matter other than that treated

herein. In thai progrmH, several 4-in. by

4-in. by 0.040-in. fins of coated alumim,,n

material were heated repeatedly at their roots,
the ]))'inw objective 1)eing to obtain lib indicu-

tion of the quality of the bond between the

coating and the subs|rate when subjected to

thermal cycling. Thermocouph,s were lo<'ated

at the r<)ot, in the mid-region, and ('lost, to the

Fmt's:_: 32-2.--Alttminum fin thermal cycling rig.

tEt ) of each fin, In tilt' test setul), the instru-
nw,tte(I fin and heating unit wcr(, installed in

a glass bell jar with a water-cooled radiation

shMd t}laeed around the fin in order to prevent

overheating of the bell jar. The setu I} is

shown in figure 32-2. The only paramett'rs
which were essentially constant for all tests

were fin root temperature and the product of

thermal conductivity and fin thickness, kt.

Several nonrepeatabh' test conditions pre-
vailed which could well affect the relation of

the observed test data to true total emittance.

A brief discussion of each follows.

The portions of the heater protruding from
the heater block were clean and shiny in the

early h,sts but, t)ecamc increasingly oxidized as
the test program progressed. A considerable
al)lount Of heat was radiated front these per

|ions of the heater since they couht be seen to

glow moderately. Thus, the heat int)ut to the

lop anti bottom edges of the fins was not con-
sistt,n! from test to test.

The sink temperature was not tilt, same for
eat'h tesl. It is ([illieult to determine tilt' cola-
live t'onlribut.ions to the effective sink tem-

peratur(, of th(' water-cooled shMd, the glass

bell-jar, and the protruding portions of the
heater. [low('ver, ol)servation or tilt, appa-

ratus as may t)e see)) in ti_. 32 2) would indi-
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cate that, the water-cooled radiation shield con-

tributes significantly, and perhaps makes the

major contribution, to the sink temperature.

Water temperature in the shield varied by 30 °

to 40 ° F for tests performed in winter from
those in summer.

The locations of thermocouples on the fins
varied slightly froth one fin t.o another. The

thermocouples were placed as follows: one ap-
proximately _-in. from the tip and referred

to herein as the "tip" thermocouple, a second

3//4in. from tile first., and a third nfidway be-

tween these two. No attempt was made to

measure the distances precisely. Three possible
sources of error could be attributed to minor

variations in thermocouple placement: slight

variations in effective fin length, resulting in a

probably small error; deviation of tip thermo-
couples from a position in which dT/dz would

be equal to zero; and variation in root thermo-

couple location wit h respect to the heater block,

probably the most signifi('atlt of the potential
sources of error.

Notwithstanding these possible non-repeat-

able factors, a reasonably good correlation was
obtained from the test data. The latter art,

presented, in figure 32 3, solely for the purpose

of illustrating the feasibility of the method

under discussion. The solid line in figure 32 3

represents the emittance values which may t)e

calculated using the analysis presented in the

appendix. Each set of connected points repre-

sents an area of uncertainty for a particular

coating. These areas pertain to uncertainty

attributable to slight differences in AT for

thick and thin coatings and to uncertainty as

to the proper emittance values to assign to the

coating. The latter uncertainty results front

two factors: spread in existing elnittance data

and variation of emittan(,e with temperature

(large temperature drops were obtained in these

tests).

For each fin subjected to the thermal cycling

tests, approximately 15 sets of temperature

data for a nominal root temperature of 750 ° F

were taken. [lowever, there was considerable

scatter about this 75t) ° F temperature level.

Figure 32-4 shows the parameter eaL2/kt(fi, wit h

the temperature term removed) plotted as a

function of T, for all of the points obtained dur-

ing three typical tests. The fact that each set

of points scatters about a horizontal line indi-

o ceot -PLASt_ FLAMESPRAYED
0 B+$1Ot-AIP04 BONDED

O NtO"CrzO_ SK_-Am=q,_EO
SiC + $10=- AIPO4 BONOED

O1"I01 - PLAS_ FUUeE SPRCrE0
.9

.i!
.8
220 23O 240 250 260 279 280

AT

F[(;vR_ 32 3.--Total era]trance vs root-to-tip tempera-

ture drop. Values of era]trance shown are those

developed previously by Pratt & Whitney for each of

the coatings. T_=750 ° F. T,=50 ° F.

cates that it is not necessary to have identical

temperature settings for each test.

DISCUSSION OF PROPOSED APPARATUS

An apparatus is currently being designed
which will eliminate, or minimize, most of the

(lisa(tvantages of the proposed technique. An

existing vacuum system is to be used which
consists of a 16-in. diameter, 20 in. high,

blackened, and water-cooled metal chamber,

with two windows, and a 400-1iter/sec., oil-

(tiffusion pump upon which the chamber is

mounted. Ordinary refrigerants or liquid

nitrogen may be used for cooling in place of

water if very low sink temperatures are desire(].
Pressures less than 1X10 -6 mm Hg can be

reached with this system in less than one hour,

with no bake-out required. A 6-in.-diameter

inslt'umentation flange will contain the sample

hohler, power feed-throughs, radiation heaters,

a radiation baffle to prevent heater radiation
from reaching the fin portion of the sample,

water-cooling for this baffle, and therntocouple

I'eed-throughs. Figure 32-5 is a schematic of

a possible sample and heater configuration.

A._ ._hown in tigure 32-5, the sample is to be

heated 1)y radiation heaters. These will be

oompletely enclosed to prevent heater radiation

I'rom reaching the chamber walls as well as the

fin portion or the sample. This method of
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heating the samples was chosen in order to keep
the mass of tile system as low as possible and

thus reduce equilibrium time for each power

setting. Tile sample holder will be removable,

and several of these will be made, so that

"down-time" on tile equipment may be reduce(1
to a minimum t)y having additional instru-

mente<l samples ready for testing as soon as

each test: is COml)leted. A potentiomeler will

be used 1o measure the thermoeouple output.

SAMPLE SELECTION

For a temperature level of interest, a sample
will t)e sele('ted t)ase<l on the following eonsidera:
tions:

(1) The root to tip ATmust be large enough

lo measure to a hi/h degree of accuracy and
small enou_'h so that emittanee does not vary

significantly over the lellgth of [he fin. Thus,

fins wouhl be seh,('te(I to -dive temperature drops
of the or(let of 5'() to 100 ° F.

(2) The length must t)e long enough so thai

distam.es (length) between lherlnoeouples may

be measured accurately, or so that slight

(tifferenees-in the fin h'ngths of the sarl,ples will
have negligible effe('! on the results.

HEATERS /FIN ROOT

"_-e • • • N TIP

i _ i-i iJ L} [} /

"_'WATER COOLED RAOIATION BAFFLE

FI(;UnE 32-5. Schematic drawing of test fin, heaters,

and water-cooled radiation baffle, top view.

(3) The sample must be thick enougil so that

l)re-coating preparation, by sandblasting or

ehemi(.a] et<'hing, for example, may be per-

formed in the same way as would t>e done on an

actual radiator fin. An example of a sample
of insuflicienl thickness would be foils a few

mils in thickness. Such thin samples woul<l be

more (lifti('ult to prepare for <'oatim_ than would
t)e a<'tual radiator fins.

Figure 32 6 shows how L and 21 may be

varied for a l)artieular set of temperatures.
:ks shown irl this figure increased thickness

may be compensated for by additional length

(4) The thermal conductivity times total

thickness, 2kt, of the fin must |)e large relative

692-146 0--63--21
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FIOURE 32-6.--Selection of fin length'rod thickness lo

give AT of 100 ° F for typical conditions.

to the 2kt of the coating to prevent having fins

with hi_her "effective thicknesses" when coat-

ing materials with high eonductivities are

used--such as silicon carbide. This is, perhaps,

one of the most significant limitations of this

method since only high-conductivity fin ma-

terials, or thi,'k tins, may he used. However,

for mosl al)l)li,'ations, aluminum, heryllium or

copper fin_ will 1)c used.

('ah'ulations hased on these considerations

were used for selecting tentative samples to be

tested ai root temperatures of approximately

.... 1l)(I°, ! 20_)_L 500 °, SO0 ° and 1350 ° F. The

prohle_u uf heating a sample by radiation at a

higher tet,_t)erature than 1350 ° F has not been

examined m_,l hetl<'e the possibility exists that

a nm(litie,{ design may be necessary for tests

at higher mot temperatures.

APPENDIX--CORRELATION OF ANALYTICALLY DETERMINED

TEMPERATURE DISTRIBUTION FOR A RECTANGULAR FIN RADIATING

TO A UNIFORM SINK

Exaniination of an approxiniate solution of

the constant xl, p, k, T+, and + radiating fin
problem (fig. 32-7 and ref. I and 4) indicated

that a desirable mode of presenting the exact
temperature distribution solution wouht be to

plot lines of constant r_,on a chart of _d(l - r/)

versus fl_, since Cr an<l r_ are computed front

measured temperatures. It was possible to

i'llrllt_

_....._._-- _1 t "0

I.E, NO HEAT
CONDUCTED
AT TIP

TIl_tt)

,+l:liiLn

"++'--+V---+-
FIOIIRH .'_2 7.- Temperalure distribution along roe-

tangular fin ra(tiating from both sides.

estimate llmt very little spread between the

lines of const'mt r+ over the range of interest

(0<_ r_<'.].O) would occur and that the spread

wouh| be small in the range of ¢, of primary
interest (()<;i (_,_0.4).

The temperature distribution resuhs of

referent<, l were replotted in the desired form.

but were thought to be too uncertain in the

desired ranges to justify not recomputing the
distrihutions. The ('omputation presented there

was, therefore, undertaken, making use of an

integration lechnique involving an approximate

solution in order to avoid appreciable error in

the graphical integration employed.

The heal balance on an element of length.

(/J", ?|SS[|[Iti_t_: one+<tinlensional heat conduction

in the fill, yieh[s the differential equation:

,/(/++l CdT'/dx))=+¢p(T 4- T/)dx 1)

(ref. t .rot :_). I,etting m=dT/dx, dm/dx=
(/ZrI'/(/.F'!. ;t}t'l lit = (dT/dm,)(dm,/<lx) : i.e.,

.i dm/d 7'= d_T/<h':. (2)

Elimitmtinu ,FT'/dx: t)etween (1) an<t (2) yields:

,,,/m (+._p/k,+l, CT+- T,4)dT (3)
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Integrating (3) once with the boundary con(li-

t, ion that m=0 and T= T, at the fin tip, i.e..

for zero conduction heat flow al the fin lip,

yields:

dT/dx=(2eap/kA)J/2[(T 's- T?)/5 T,4(T - T,)]%.

(4)

(el ref. 1, eq. (9)).

l,etting ¢,= (T-- T,)/T,,

_.= T,/T,

a n(I X2= _px 2 T,3/k, 1

(4) may be written

(n)

*r d'I)• , N,(l-_/)+2®_ 2®._+_;4,_5/15_ _

,ll?

=2 't2& (6)

where integration limits indicate T=T, al

x=O. For the region O._q_<<l.O, an approxi-

mate analytic solution, A_, may be obtained by

neglecting the last three terms in the square

bracket. Thus,

._*, dq_ 2 _/2 ('% dX=2_nA. (7)['I)(1-- r/) + 2'_] '/i= do

Substituting u=_/L the integral may be readily

evaluated anlytically, whence:

2 _/_ sinh-q2(P/(l--r,*)]u2=2_/_Aa (8)

Subtracting (6) from (7):

2'/_(A_-- A,) =._ ¢' (l,,(cp)--I,(ep))dq_ (9)

where

I,, (,:I,) = 1/[,:I:,( 1 -- r)) -+- 2¢2] t/2

I, (,I,) = 1/[q,(1 -- r))+ 2q_2-]-2q,'_ + q,4+q,_/5]t/z

21/2A_ is given by (_).

For r/-_l.0, inspection of (_) shows that:

4,,-->() for finite ,%

and inspection of (9) shows that in this circum-
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stance: (Lo L,i/L,, q). TIIH_, for r_ 4 +1.0, (Xa--

_inee inspection of (,',) shows that a plot o['

A,_ (or _3_) versus +.'(1 T__) is indepemhmt of

T_, and, since L,-_L_ as _b,(1 r,l 00 (for any

r.), it appeared c<)nvenient 10 [)l'Odllee _t fillllJ

Measurement of Thermal Radiation Properties of Solids

L,'ener.I ph,1 of the temperature distribution as

4,#(1 - _,) ,.ct'_us (+o-pL,_7"/+)/k:l--_. with lines
of co,sl,r_l =_. Ewduation of" the riffht-hand

side of +!i:, _ :.s _hme _raphieally, and the result-

ant teJ_l>erature distribution relations are

l>r<,se, tod i_ figures :_2 s arm _._and in table
:;2 1.

1
REGION SHOWN

IN

FIGURE 3Z-- 3

l

= 1.0 ANDFROM

EQUATION 18)
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0.40 TI=o

O.B-

0.35

N

0.30

= 1.0 AND
_o FROM

EQUATION (8)

FIq;1T_]_: :_2 !_. :\H_tl)'tli('ltl]3' (h,trrntinrd t,._q,,r_tturr distribl_tion for a r(q'tlatlb_Ill_tr lit] radiatlinU; to a uniforTil sink.
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DISCUSSION

WILLIAM CLAYTON. The Boeing Co.: It appears that

the method catmot be relied upon to give an accurate

emittance vahw. S:weral assumptions are required.

One is that, in order to m.tke any sense out of the values,

constant emittance down the fin must be :resumed. It

seems to be a slow lechnique for scre,,lling, since about

a half an hour total time is required to get a point.

Materials can b,' screelwd t>y simI)ly back heatitlg

alld nleasuring total normal cnfittance. Since high

emittance is sought, the results :ire IIot. ntuch different

frmn total hemispherical t,mittalme, and (lat.t can be

obtained every minute with every point at a different

temperature. Because of it. sh,_ne,-s, "t calorilnetric

techni(lue, xxhich is _xhat tit(' mctho(t described in this

paper is essenti.dly, does not offer a(lvatdages for screen-

ing. Is there solne emittance vari:dion due to tem-

perature or due to variations in the coating and what is

the estimated accuracy?

ASKWYTtt : \V}n'rc emit t an('t' is a funct ion of tempera-

ture, it nsually is not a stronfl function of t(,mperaturl'
overtenq)eraturcintt'rvalssuch:ts 50 ° to 100 ° F. This

does not result in too great error. Tithe is involved in

making nw.tsurvments, as [ said before, but it is a good

vaguuut t,.*ehl}ique and a simllh' lectmi(tue that does not

require highly skilh,d lvsting personnel. Large amounts

of data can be taken in this way _ith very little engi-

neering supervision. The ollly readings that are re-

quired are t_xo t,qnt)eralure rea(lings, so there is little

chance of getting bail dala s_ ith this techlfique.

CLAYTON; _Iy point is that l don't see how you can

get really good data.

ASKWYTH: The technique i_volvt's COml)aring one

coating _ith another. Wh,,n ,everal variations of a

given coating "ire applie(l to sc\'cral fins, the (me thai

_ives the largest reel-to-Ill) temperature difference is

going to have tit(" highest emiflanc('. This woul(t be

used in conjunction _ith almthcr emittance rig in uhich

lnore accurate data can })1,o|)I:dned. In other _ords,

it is a quick ser(,ening process.

CI,AYT()N: Was the t.ec|miqua, a vacuum technique?

ASKWYTH: Yes. Thc lime lWCessary t.o take a data

point is not half an hour per point, trot approximately

half an hour for _h,. first point. Fifteen minutes would

be needed t,) pump down, then half an hour for the first

point, and after that lhe time necessary for each suc-

cessive data point would depend on how far apart the

temperatur,'s ",_,I'e. Obviously, if a point were taker

,v(,ry 51i°, 1he time lweded would not be very long-

probat)ly ,.rely :t h,w lninutes. But in going from 200 ° F

to 100(} _ I' spacing the points several hundred degrees

al)ar_ the eqnilil)rium t:ime for each l)oint would be

longer. Another consideration is tit(' possibility of

stackin_ _amI)l('_ so lhat multiple samples could be run.

and s. t},al 111¢. total test timc for a group of samples

w<)uld b,. co,-id,,r:dfly reduced. For example, supl)ose

I X4-in. flus and an S-in. long heater block _erc used.

Then F, fin- could be stacked and 8 tests conducted

simult:tlle(nlsly. ()ne thing thai I did not mention

(luring the talk is how _t' can overcome the necessity

of l)cintz al l}w Sttlil(, fill root. t(qnperature in each test.

"Fit(' app(m,lix d,.scrib,'s an analylical technique which

permil- Ils I() come to al)l)roxintaleiy the sanle root_ or

tip, t, entper:d ore. We chose to I),'_e our analysis on the

tip t.t'lnl)('rat ur-.

E. t{. S rREEm lxmkheed Missiles and Space Company:

Is it t)ossi}/[c to distinguish bet_een spectral differences

and diffor(,m'_-_ i. ,qnittance as a function of thickness

of the c<,:din_, })y this method?

AsKwY'tn: Spectral differences?

Srttr:_:[): I )ifferenees in t otal emittance are due to the

spectral differ,,,_cl, as a ftmcti(m of temperature down

the rod or as :t function of thickness of the coating.

ASKW_'Tn: (_oaiing thickness variation is one of the

thinks for txhic}! this ri_ could t)e used. We could test

st,vcr:d tt_i<.ku,>_es of a given coatin_ and get a correla-

lion of ,,nlillance :ts a function of thickness. We would

coat _.,'_.,.r:d tin,- x_ ilh different thicknesses of the same

material, :ill aft thu sann. time, -tnd note the variation

ill tenlp,rat urp differences. As I said before, this is one

of thl' lnlr!_os-> for _hich _e had phmned this rig.

SrREi,m: (t_L_" of tilt' advantages of reflectance tech-

niques i,- _ha_ the differcnces in spectral emittance can

})1, s,'en. By cl)atillg two samples of different thick-

nesses, it i_ possii)le it) differentiat(' I)etx_een them.



33NA MULTICHAMBER CALORIMETER FOR

HIGH-TEMPERATURE EMITTANCE STUDIES

BY A. I. FUNA!

LOCKHEED MISSILES & SPACE COMPANY. PALO ALTO, CALIFORNIA

An eight-chambered vacuun_ calorimetric apl)aratus for measuring and evaluating the
total hemispherical emittance of high-tomp_,rature radiator coatings is described The
method for obtaining emittance values is presented and an error analysis identifies the im-
portant parameters. A detaih_d description of the saml)h, and the samt)lc heating and
teml)erature measuring systems are also given. Preliminary results confirm the suitability
of the apparatus for measuring emittances with an accuracy of ± 5¢)_.

The design of high-temperature l'a(liatols for
spacecraft calls for materials with suitable

thernmphysieal and structural properties to-

gether with a high surface emittan(,e. (!ertain

oxide-coated metals appear to offer a good

combination of properties for this purpose, bul
the behavior of these metal-oxide eon_binations

at elevated temperatures (up to 2000 ° F) and

in the high vacua of space is largely undeter-
mined. A study sponsored by the Aeronautical

System Division _is presently being conducte(1

at Lockhee(I Missiles & Space ('ompany to
measure the emit(antes of certain metal-oxide

combinations and to evaluate their stability

over 30-day periods of time at elevated tem-

peratures in a simulated spa(.e-wl(,uum environ-
men[.

For this study, a n,ultichambered calorimeter

has been designed and built to permit the

simultaneous study of eight separate samples.
Total hemispherical emittan('es, at'curate to

within k:5% can be determined. Total hemi-

spherical emittance is inferred from all energy
balance on an electrically heate(I sample sus-
pended inside a wt('uum chamber with low

temperature, low reflectance walls. This paper

describes the apparatus and the experimental

method by which total hen_ispherical emittan('e

is measured. The important parameters are
identified and the sources of error are discussed
and evaluated.

i Contract No. AF:_,3(657) 7493, Task No. 73812.

EMITTANCE

Total }mmispherical emittanee is the quantity

of primary concern for selecting radiator coat-
ings for high-temperature service. Other chemi-

cal and physical characteristics are of interest

mainly because of their influence on the emit-
tance and the mechanical integrity of the

coating. For this study, a calorimetric method

was judged to be superior to other methods,
such as reflectance or radiometric methods,

because the test procedure is relatively simple

and total hemispherical emittanees are obtained

directly. The only disa(tvantage of the method
is the requirement for relatively complicated

sample construction, which is discussed later.

With the calorimetric method, the sample is

suspended inside a wtcuum chamber with black,

cooled walls (fig. 33-1) and is maintained at the

desired temperature level with a measured

amount of electrical power. If the vacuum is

such that heat transfer by gas conduction and

convection can be neglected, the energy balance

on the sample at steady state can be written as:

P, = El= t,A, a 7",4- R,=AIa Tl 4

-- eq2A1o 7'24+ P.+ 1%
where:

P_ total applied power

E applied voltage to heater element

I current throug]l heater element

total hemispherical emittance of sam-

ple at temperature T_

surface area of sample

317

t_ 1

A1

(1)
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,I
!

I. Vacuum feed-through flange I

I2. Coolant fill and vent tubes

3. Stainless steel vacuum jacket

4. Copper chamber walls I
I

5. Vacuum _nlet [

6. Power leads

i

jrlo [

1

i

I
i

\

3

7. Thermocouple leads

8. Sample and heating element

9. Magnet-operated shutter

10. Sample viewing port

11 . Radiation shields
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Stefan-I_oltzmann constant

T_ sample tern perat ure
R_2 reflection factor to account for the at)-

sorption of energy reflected back to

the sample by the chamber walls

m2 absorption of sample for energy radia-

ted by tile chamber walls

7'2 ('haml)er wall temperature

P, 12R loss ill power leads

IL conduction loss through power and

ther,noeouple leads
The reflection factor, R_2, can be written its:

1

1I)12 ( Og2l-_ A2_ -

(2)

where _2_=at)sorptan('e or the ehamt)er willis

for energy radiation I)y the sample and A2--
area of ('hamt)er walls.

The wdue of a2j is at least 0.90 and the ratio

of .&/A, is 50. Sul)stituting these values into

equation (2) yiehts: 1_,2<0.002. Therefore, the

second 0"efle('tion) term of equation (1) can I)e
disregarde(t. If the ehamtwr willis are cooh_d

with liquid nitrogen, then the third term of'

equation (1), whi('h accounts for the energy

radiated by the ('halllt)er walls all(t absort)ed I)y

the slmiple, ('an also 1)e negle(,ted, sinee T2_/T_ 4 is
only 3N10 4 fro" 7'.,- --320 ° F and T_=600 ° F.

With these simpli('alions, the emittanee, t,,
('an t)e written as:

1' l'_ -- ]L -- l'_
_'-)l_a-7','-- A,(_7', 4 (3)

The losses 1L and 1',. are ('al('ulnt)le within a('-

('el)table aceura(.ies from malerials t)roperties,

lea({ dimensions, and measured temperatures
an(l currents.

The l)rot)able error in _t, derived from equa-
tion (3), is

a a_, V[AI,V_[aA,\:_/A_V
;7....Lkv,

+( 4a T,'_r'] */:
\ %/3

where

I" / (I',--I'_--P,) 2

(4)

(5)

For sample temperatures of 600 ° F, it, has been

observed that 1L aud 1'_ are about 9¢._, of P and

that their relative nmgnitudes (with resl)ect to

I') decrease as the sample temperature is in-

creased. Although the uncertainties in i'_ and

I',. are ('on|p_mttively high, (about ,'25and. 10c/_,
resl)e('tively) , their efre('i on lhe uncertainty in

_l is small. Values for the other parameters in

equations (4) and (15) are given in table 3a-l,
together with lheir estimated l)robal)le errors

and tile resulting values of titl for two repre-

sentative cases: el--0.80, Tl=600 ° F; all(t el:

II.80, '/'_- 211t)O° F. With equations (4) and (5)
and the data in table 33 I, it: is readily found

that the uncertainty in e_ is almost entirely de-

termined t)y tile uncertainty in the sample

temperature.

Tim prot)able errors for T_ shown in table

33 ] are based upon the sum of the squares of
the estimated relative errors due to thermo-

(_ouple ilm('c)lra('ies, inslr)lmenL errors, and

non-uniformities in satnl)le tempera.ture.

"I',.X.LE 33 I. l{e],re,_eJdative Data and Probable E_,'.,',_ .l},l ('a/,,rimetrie l;:mitta, nce .Ilea,_uremeld_'

i

-- 0. ()ii)

' i). (10:2

np_ligibt(,

_1"_ o l" 600

A> in. 2 4. 70(I

a (xvatt."in?-([_'g41 :'{.(J,'v)7 X 10 I,

I' (watts)_ 16. 70

I'_ (x_atts) 17. 3(I (I. (/05

P,, (wltt, ls) (t. 3(I 0. 2;5

l',. (watts O. 3() O. Ill i

t, O. _,() O. 041 '
i
I

II /ill

2(I0[)

4. 700

3.657 x 10 i'

4_0. (I

4,';9. (;

4. S

4. >

(). _()

O. 012

O. 002

n('gligibh'

O. 005

(). 25

O. I()

(). (14 _,
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APPARATUS

Test Chambers

To study a llumber O[ samples within a

reasonable length of time, two assemblies of

Measurement of Thermal Radiation Properties of Solids

four test dmmbers e_wh have been built. Thus

eighl Jn,livi_lmll s_m_ples may be studied

simultam,ously. Figure 33-2 shows one of
these _ss,'mblies with its assoeiat.ed vaeuunl

Fl(;u_: :'I:'l- 2. Emit.tam',,-t:d,ilit_ tu-t >land.
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pumps and the power-control rack at the right.
Eactl of the four stainless-steel vacuum cham-

bers is 11 in. in (liameter and 11 in. high. 'Pile
chaml)e_ are connected to a ('ontrol vacuulll

manifold by 4-in. diameter steel pipe, and tile

entire assembly is evacuated by pumps which
connect to tile lower end of tile manifohl. On

the top of each <'hand)er are tile sample-entry-

port vacuum tlanffe and the four fill-an<l-vent

tubes rot" the li<tuid nitrogen which is used to
cool the walls of the inner calorimeter ('hamt)er.

The bottom l)lale for each vacuum chanlt)er

<'ontains a window and a magnet-operated shut-

ter through which, when the shutter is opened,

the bottom of each san,ple may be viewe(l as
it, is tested.

Each inner ('alorimeter (.hamt)er is built in

two halves, as shown in figure 33 3. The

chambers are made of !_ ill. lhick copper

and the ('ylindrit'al portion is double-walled to

contain the liquid nitrogen. The inner an([
outer tliameters of each chamber are 7 and 9

in., respectively. One half is 7 in. high and
the other half is -a/+_4in. high. This (lifference

.v in step at tile bottom ofin height h, aves a _4 .

the <'han,ber 1o facilitate evacuation by the

vacuum system. The ('hamt)ers hang insi(te

the stainless-steel va('uutn jackets t)5" their
liqui(l nitrogen fill and vent tubes, which are

t)raze(I to the tops of the pipes shown in figure

33 2. These brazed joints are the only points
of contact between tile inner chatnt)er and its

outer vacuum jacket. The2in. diameter hole

in the top of ea('h chamber permits the sample
to he lowered into the ('hand)er, and when tile

sample is in position the hole is covered with a

copper radiation shiel(I which contains lhe

necessary power-lead and thermocouple-wire

fee(I-tlu'oughs. A 1/_-in.-dialHeter hoh, is
located in th(' t)o|tolll of the chamber so tlla|

tile sample may be viewed through the pre-

viously nlentione<l viewing window. This hole

is normally shielde(I by the magnet-operated

shutter which swings into the s4/-in, step at
the bottom of the (,}lan|ber.

All of lhe imwr-wall surfaces of the calori-

meter chamt>ers and ill(, radiation shields have

been sandblas/e<l and coated with Parson's

black _ an opli<'nt t)lack lacquer with a

2 Manufacturc<l and sold t)3" Thos. Parsons aim Sons,

IAd., England.
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spectrally flat absorptance of 0.9S reported in

ref. 1. As a result, these surfaces are highly

absorptive and diffusive. After each assembly
was complete<l, tile chambers were baked-out

for two clays, under vacuum, at temperatures
up to 350 ° F.

Vacuum System

Each of the test chamber assemblies has been

designed to attain a high wtcuum, and a test is

not considered satisfactory unless the chamber

pressure is 10 -'_ mm ltg or less. Typical pres-

sures in the l0 -r mm Hg range have been ob-

taine(l using a NR(: 4-in. oil diffusion pump

with a rated pumping speed of 220 liters/see at

l0 -_ Jmn Hg. I,arge pumping areas between
the chambers and the central vacuum manifold

are provided to utilize the maximum pumping

capacity of the pump. The pressure in each

assembly is measured with an ionization gauge
which is located at the bottom of one of the

test chambers.

At pressures of l() -5 mm Hg, the mean-free-

path of gas or vapor particles in the system is
from one to two orders of magnitude larger than

the chamber dimensions; consequently the

number of particles returning to the sample is

determined primarily by the absorptive charac-

ter and capacity of the chamber walls. Be-

cause of the rough texture and low temperature
of the chamber walks, particle capture is en-

hanced both by adsorption and condensation.
This factor, combined with a small sample-area

to chatuber-area ratio, serves to minimize

particle return to tile sample. The geometry

of each four-chanlbered assembly is such that

the samples are also effectly shielded from one

another by the cold, outer surface of each cham-
ber. Before each test interwd, tile chamber

walls are desort>ed by a high-temperature
bakeout.

Sample Design and Instrumentation

SAMPLE

Each sample consists of a hollow cylinder, 1

in. in diameter and length, with 0.060 in. thick

walls (fig. 33-4). Samples are machined from

rod stock of the base material being studied.

The sample cap is attached to the cylinder by

means of two hollow pins cut fronl 0.060-in..

tubing (steel or molyb<lenunl) which pass

through matching tmles drilled through the
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060 IN

IN.

t

t5 MIL POWER LEADS
_// /_ ALUMINUM OXIDE SLEEVE

g 060 IN. O.D.

-,,I-- _ _ ---TUNGSTEN FILAMENT

\--SAMPLE
_1 IN.

Fmurt_: 33-4. Sample qnd heating c|ernents detail.

cylinder wall and a circular lip on the underside

of the cap. Two additional holes ((I.060 in.)

are drilled through the top of t,he cap t,hroug}_

which pass the power leads (15-rail J_lolyl)de-

hum or tungsten). The power leads are sized

small enough to mini.fize heat conduction

losses but large enough to support the sample

and heater at elewtted te._perat, ures. Each

lead is elect, rically insulated from the cap by _l

short, ceramic sleeve with a 0.10 in. shoulder

on one end. A typically inst, rumented sample
is shown in figure 33--5.

SAMPLE HEATER

S_m_ples _re heated by passing a measured

amount of d-t; power through a standard 500-

watt or 1000-watt tungsten la.Jp filament,

These fila._ents are formed in the laboratory

on a _-in. diameter mandrel to produce a coil-
on-coil shape which fits inside the sample. An

analysis of the approximate operating tempera-
ture an(I <'orrespon<ling life expectancy of these

tilaments has been made using data contained

in the M1T Tube Imboratory Manual (ref. 2)

nnd based on the following assumptions:

1. that the steady-state energy exchange

between the filat.ent and the sample is ap-

proximated by :

I_[= t/ls-o" 7'I4- tl,l]a T14+ a/lia T14 (6)

where the sul)scripr f silznifies the filaJllent
characteristics.

2. that c_+ t+; therefore, equation (6)
can be rewritten ns:

t,'mrttr: 33-5.--Typically instrumented sample.

3. that el 0.4 and the effective radiating

areas, AI, of the 5()0-watt and 1000-watt
filaments are 4.0 and 6.0 cm _, respectively.

4. that e=--0.90 and zli--:_O PHI _.

'['he results of substituting these vMues into

equation (7) are shown in table 33 1I. This

analysis indicates that the 500-watt filament is

satisfactory for maintaining sample temper-

tm'cs up to 1500 ° l; and lhai the 1000-watt
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'i'Am_E 33--II. E,_timated Operating 7_mperatures and L(!c E'.xpectancies.for Sample Heater,_'

-- I _I,proximate Operating i " MI' rc_'imaleLi2---

,_ample I "Temperature (T, ° F I "Ex'beelanev'-, hr
leml_erldtlre, ] . ] ___

i 500-wat t 1 1000-watt ! 5C0-_ att 1000-watt

i Filament Filamenl Filam,-l) t Filament....... ] ........ .........

151 _() 3571) ?,24(I fit l I_lH, > 1(1 '_

I M)0 42111) :';7!1(1 l ,-)tl T. I)ll()

:21)00 4(}l)lt I I 70 .ff 2tt :2i)t)

:, Based on w)mnal life expectancy of 1000 hr

filament should be satisfactory for sample r -_:_....
temperatures up to 1800 ° F. The need for a I

larger filament is indicated for sample tem-

peratures of 2000 ° F. l_arger diameter and

longer filaments have been successfully wound

in the laboratory but have not yet been tried.

TEMPERATURE -_,l EASUREME NT8

Sample teinperatures are measured with

40-gage thermoeouples which are spot-welded

or peened to the surface of the metallic substrate

of the sample. If the thickness and thermal

conductivity eoeflicient of the coating are
known, a correction can I)e made to the meas-

ured temt)erature to obtain the true surface

temperature of the sample. Thermal gradients
through ceramic-coated specimens of stainless

steel and [nconel of about 1° F/rail at 900 ° F

and 5.4 ° F/rail at 18(111° F have been reported

by Richmond and Stewart (ref. 3). The coat-

ing thicknesses involved in the presenl study
do not, exceed 2 or 3 mils.

All of the thermocouples are calibrated by

comparing them with standard thermoeouples
obtained from XBS. (l_romel-Alumel thermo-

CrOUples are used for ineastlrenlents up 1o 1000 °

F and platinum-plat|ran,J/13% rhodium ther-

mocouples are used for ineasurements from

1000 ° F to 2000 ° F. The initial accuracy of
the measurements h.s been determined to t)c

±2 ° F at 600 ° F and ::[:5 ° F at 2000 ° F.
Within the 1000 ° F and 2000 ° F limits for each

type of thermocouple wire, no significant EMF

drift has been obscrw,d over 240-hr periods.

The reference junction of each thernmc.out)le

is maintained in ,ul ice hath and the output

voltages are measured wilh copper extension
wires from the ice bath. A schenuttic of the

thermocouple circuit is show, in figure 33 6.

_(- :_EnMOCOUOLE WIRES

i/ _/ _'0_ 5At, lPLE TO ICE BAT_

_'- WIRES r_ou ICE Ba_H

_ - • ,/:. fllllT,;_,_ ,............. ........

_ _Vj
I

DPOT ;_ITC,_

i •

Fu. rtE 33 6. Thermoeouple circuit schematic.

Nonllall_ lhe voltages are recorded on a
Bristol _nuhipoint recorder to indicate tem-

perature stability; however, when an accurate
measurctne,t is desired for an emittanee de-

terminatimi, tilt, voltages is read with a Leeds

& Nonhrul) tyl)e K 3 potentiometer.

Samf)h' temperatures can also be checked
through the viewing port with either an optical

or a two-('(,tor recor(ling pyrometer. One such

t)relintinary c]wek on an unoxidized stainless-

steel sample at 2000 ° F indicated that sample

temper_l_lm' variations from the bottom center

to lhe e, tge were less than 10 ° F.

POWER MEASUREMENT ANO CONTROL

A s(:hematic of one of the eight parallelled

power measurement an(l control circuits is

shown i1_ figure 33 7. The d-c t)owcr is supplied

to the sample he=at.or l)v a constant-voltage (a(l-

jl_st:lb}(,i, _ariable loa<t rectifier. The power

level is ('(,m rolled by the. outtmt voh.age setting

on the power supply and by a control rheostat
in each ,'ircltit which adds or subtracts to tile

circuit r('sistance. An annneier indicates the

('llrr('llt ill i}te circuit:however, when an accu-

rate ('urre|_ l|wasurement is desire(I the voltage

_[roI) across a standard resistor (calibrated man-

gani, st.l.t) is measured with the K 3 poten-
tio|neter Th(, voltage drop across the sample
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ROWER CONTROL PANEL

F STANDARD

RESISTOR

OR VOLTAGE OIVIDEN L

RHEOSXAT

FI(;URE 32-7.--Electrical power

1

I SAMPLE

tl r-----aI

1 t

I l I
)

I
J

circuit schem'_tic.

heater is usually read from the power lead ter-

rentals on tile vacuum flange, (upper plate in

fig. 5), and the correction, I)+, is made for the

Pll loss from this point to the sample, tleater

voltages have been obtained from EMF leads

attached to the power leads directly above the

sample; however, the added aeeuraey by this

method does not justify the additional effort
and risk of electrical failure involved. }leater

voltages are also measured with the K 3 poten-

tiometer, usually after being passed through a
suitable voltage divider.

To obtain a measure of the heat loss from the

sample through the power le_uls, (P_), one or

more thermoeouples are attached to the power

leads at measured distances above the sample

(fig. 33-5). From these temperatures, an esti-

mate of the temperature gradient just above

the sample can be obtained and the correspond-

ing heat loss then calculated. Power lead tem-

perature data are also used for determining the
leadwire resistance whieh is used in the P,.
correction term.

RESULTS

To (late, 30-(lay emittanee-stability tests

have heen completed on ten separate samples of

oxidized stainless steel and [neonel alloys. Typi-
cal emittanee wdues obtained from these sam-

ples are shown in table 33 l lI. No signiiieanI

change in the emittance of these samples was

observed over the 30-day test periods. At pres-
ent, efforts are being made to characterize the

oxide layers on these samples by means of photo-
micrographs and X-ray diffraction patterns.

o

F[C,t_RE 33-8.--Cr oss-sectional photomicrograph of

oxide coating on Inconel X.

A photomicrograph of the oxide layer on a

sample of Ineonel X is shown in figure 33-8.
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'I'AI_LE 33- [ ] I. ])/pie(ll A'mit#Hwe fi_r Oxidized

Nta.iMe._'s A't_d a.lvl IJle,l_el A//oy.s" (30-Day Test)

Sample T, ° F

Stainless steel typ(' 304

san(lblastcd and oxi- I

diz(_d at. 1800° F for 2 hr_ _

S i
Stainless ct(_el typ(, 3(14 [

I ELC, sandblasted and

oxidized at 1800 ° F for 2

hr ............

lnconcl X, sandblasted and

oxidiz_d at |975 ° l" for ',.,

hF .........

Incon(,l 702, sandblast(,d
I

and oxidiz(,d at 1!)75 ° F

for '=,hr ............

600
900

1200

600

900

12(10

800

150t)

800

150(I

I1

____m

O. 75
• 82
87

7{)

81

90

78

gfi

74
83
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DISCUSSION

R[('n_r-,_n: A dincnssi(n_ (),b tlli_ l)al)er has been pre-

pared hy T. (I. Nolli..f II., ().[k Rids,' Nalional

Labora(()ry.

K(II.I.IE. ()ll, k lLidta, Nali().:d l.ah.: l(ai}mr lhaI_

present lh(, (li,_cunsi()ti _hich will i)(, pqhlinhed in lhe

t)r(wc('dings ahmg ',vitll our pap(,r, X(). 3,_, I will :t.,,k

Iwo (Iqenli()ns oil lids l(,vlmi(tm,, both of which :trc

givin_ us _rE)ubh', P(,rh'q)s yah hay(, thought ab()ul

(lies() fhi/)f_n "trld h:tve ('oril(, tip wi(ll .<i)ni(, an_,,_(,r's.

xi'()ll di'_(':Lr(]('(l lhe C()l'r(,clioll ((')'11i f()r :ir('.tt )Ii(,a_))r(,-

niE'nt. F()r (,xaml)h, a( I 100" (!, a f'q'_1 ())'(I(,)' (,xpan_ioi_

('orr(,c(ioH for IN()R N, which i_ :t .i(.k(.l-molyl)d(,mlm-

c|tromimn-ir()n alloy, giv(,,-, ahom :i 2% oh:rag(, i. ar(,a.

If,iv(, .','oH (ion(, lhi_?

Fi-x,_i: Ar(, you (,dki))_ rill(rill lh(')'mal (,Xl)'insion':'

Yes, %,,-(, /i.r(, ('orr('E'liH_ f()r Ibis. \V(, still f('('l lhal (h('

sall] pl(,-i e nl[E(,r:it H r(, (,)'rot J)r('(l<llllililtl CH ()\'('E' ill('

nal][l|)I(,-arl,it l))('tintlF('tll(']tt ('rF()l'.

KIJLL]E: ]'_I!_,IIFI]J)),I_ fill' II'II)I)I'/',31IIFI' H)I':L'_IIFI!InI!Dt,

ill (Jllr)n('IIn)l['(,inE'li't_. V_( ) h:tv(' ('llt'l)lltlt(_F('(] (Itlit(_ El litre('

tetal)i.ralllr(! v_lriittioll from )hi, lop tel thE' I)uttu)n (If

lhe Sl)(,rinl(,l). W(, Iwli(,v(, l}ii,- i_ dill' partly rE) ()lit

heater (t('_iT)), itli(t [noii('(' lhi)i +Villi :tr(' |l'Ivi))t( (FOEEI)I('

with .vo)lr lieltt('r (t('_il_i_. [ _)i_EtE'r if thin Illil_h( tt, i)d

(,(i liiat_(, the 1o I) hoill.r lli:EIt (lie Ilo[(tlEn. Thin was

quit(' sever(,. _,V(, noti('(,El it Jill':' ((qnp(q'q,))irE_ (liff(,ri!nc(,

(near .50(P (') fr(lin tiE(' I() l) 1o ill(" tin(iota wi(h a v(,ry

_imilar _<pech)li,n I() Ill(l.( q..<(,d i)i ibis l)itl)er.

YINAI: \VI' h'tv( > hal Ill)tir('(I (hi'< as we nne E)nly oil( >

lh('rnlot'o)ll)l(. Ill,i'll(i>( , ()f ('Hlit l'li(qlir'tl rEq_ltionnhil)n.

)){"(' h'tv(, $tlnl)i'Ii(ll'd >til)ll)i('_ hi :l l:d)(i)'il(ory hell j.tE"

and heal('(t till!in tl I) Io vnri()tl> t(,n)l)[,rlciHrl,_ , tint)ally

I() r('(l lle:Its :ili(l i)Ii lip f.o 2()00 ° [;, and (ll)nervE,(l lh)!l)i

wilh IE l)yro)lE(,t(,r. Vi_-il:d[._ 11)(' >itl))l)lE,n al)l)(,ll.r fairly

liHifor)lL ._ll 7000 < F _(' (A)<('rv(,4 wiih 1t." Ol)(ic')]

j))'rt)in(q(,r i)() _E'('lttl'r (ti[l'(,r(,ilct' fr()ll) lop '(() [)oil(in(

of lll(' _:t)E)tih' ih:in Ill ° (' wlHch \_r I)('licv(' wan ()Ell"

rE'ltEtili 7 :E('('llr_lE'y _illl (lie I)lr()Hl('l(,r. A_ I lloiilied

()tit. lh(, al)t)ttr_ttn> i.. --()d(.>i_l.,(t I Jlttl (lllrill_ :t 3i)-(l_t.x

i(,s| w(, ('ltli look ;E! lh(' l)<)il()lll (If liE(" nEll)If)l(', :tll'.l wl'

hay(' _io(i(,(,d n() alll)r_,('iM)h' lh(,rili_d ,,_r:tdi(,nt lh(>r( `,

[ ini_h( )ll(,iili()it, h()\hP\l,i'. 1[1:)I w(, "ire llnllili_ lw()

t hei'in(ic()ut)len (ill 1[11' .-ainl)h'. (till' itll rarh hid('. I'shl_.

:l-lilii (_hr(iI)i(,l-Ahlinel :llld :;-nlil f)lalhlll[n-l)ia(in/liil

I',/_ rhodhlni ih(,rn)()r()lil)l(._ _(, :ii'(, fh)din_ ((,iil])l.l'a-

l)lr(, diffE'r('n('(", all llir ()rdcr (if I 1() 7{;_ iif lh(, at>s()l)li('

l(,iul)l,ra(ilr(,, -,() ihi_ i_ n |))'()i)ll.in. I,V(, Ii.tv(! ralitir'l_l(,(t

'(hen(, liE('r)EIOE'OUpl('s and f_)H_ld lh('iil go(td 1(1 wilhhi

I_ itl ]('<'t_l, :(lid 1)r()h:lt>13 tl(qi(T. Th(, pr(ihli,lE) i _,

e_sl,)il (ally tilt _li ( _t('[/l)l(,ll( i)rol)h,n_, "0.(, i hl)lk, ]rl

far'l, w(, ;iN, illilialilll.(I), n)lt)C(ilEl.racl to try 1() evalllate

\'arioEl_ :tti:u'hiil(qil t(,chniquen and their eff(,E'tn on

_llrf'ti!E) I Pl)ll)l'r<'ll lit(, inea,'.lllrE'nlP)l|s.

<lllSK/_.Y'l'lt. t>r':itl ILIl(t _Vhitnl,y Air('r:).ft: WE, have

ii_(,(t i) ic(.h..d(_u, very _infilar to thin in makin_ emil-

ltl?H,e lilt':E'.ttrt'Hit'llln ;till] ill rllllliiEIK sanTple>_ for periods

(if (ilEir i_f ?,Ill) I,) 9(1(i h(illr_, which is roElt_hly t'om])_trat)l(.

tO "¢)'tl{tl _.()ll HYI' d()in_. \Ve have Eln(,d tt renisl,'ili('l'-

hi.ate(t, hi_ilow-('ylin(lrical sainp](! wiih a small hlack-

t)oity hal,, liHt _i,Ii ()f)lirltl ])yroln(_l.(_r to ll]canllFe il'lt,

I(,)rq)('r:ilHl'_, ,if lliis t)hu.'klE/)(ly hoh.. \Ve have alni)

un(.(t lh(.rln()('<)!il)h>n, alid vce fill(tilt (hat w(' have had a

-(,rhitE> I)l'()l,]('nii v,h(qi lisi)i_ plalili)lni-l)laliliEIliE rh/)diEim

ih(,rill,.)(.i)lll)](,-, ()ii slltinh,nn nicE,1. An all example, in

•9.l)(inl i/ ([))z('I: (if ",,hi's(' (,lll{)lrancE, 10sln_ W(_ sOli]('+_[nles

h:ld .'I> i)l_ii']_ :l< Ig' rhit, li_E' ili hidir'lt('d (('lni)t!t_'(llr('

i'tllrill_ ih( fir>_ ()v('rlli_ti/ 1)('rhtd, and ov(,r 1he il(!xl felt"

(tll_'r4 |t]1! i'ha[l_(, \v()lll([ SE)En(r(,iTnI!S ill('E'(,a_e 11) as InE1E'ti

_i._ it()': i,) 11) _ ] d._) i)l)l _)l(J_A" _,v]ly lhin is nil bnl we do

have (tii_- pr(,I,hni wi(h l)]aliliUm-l)l_l(in))In rh/)(thll_l (In

sl ainh'_n ,_l _'('l

l_;u \ ,t I: 'IV(+ }t:EV(! II(EI ot)s(!rvcd 1bin par1 icular Dr()l)]eni,

hilt wv H)_d(,)->_ nil(| n(tIEie I)('oph' 1)ave had ])rohlems with

t)]a,tinHTn ill I '.1(' pr('selic(' (if nil(con lit a reducpd O:.;yTeEl

par(-ia,1 [)rt,ns{Ir(. OF hi vile(Ill(i). SinE'(, mitti v of (h_' iixi-

dat i()_)-rcsisl:Hl! ('(ia(iElTn 1hat ar(' hell)g, tE_(_(| ()r arP t)(.in_

dev(,i()p(,ll for Ill(, (qihlmt)iiliiE al)d lilolytlden)ltEi <dloyn

are It _ilichh, t):tn(, coaling, w(, are all(i('ipatiil_ ir(/lit)]e

in thi_ )'(._::cr4. t)aned ()n wh_.ll, lV(_ hav(_ I/(,i.,li told. \V(,

hay(, n()t rui_ i_ilo il dir('c(ly o)lrs(!|ves. (In (hi, s(t),ili-

lens sl(,(.I _tinl>h,_ lhoiigh, we have ()l)serve(t ",'(Jr)" go()d

leEnf)('F:llllrt' ".iat)ilily fro)ll h()th th(' (_l).roi)l(!l-:%.hiniol

_iid 1)1(, l)]_E_hili)n-rh(iditim lherni()coEil)|(,n ltl _ainpl('

l(q)ll)('r'.Elurr_ (_f (iI)() _ and !t()/) ° I".

Askv_ YTII: ]f:tVP y(>U I'VeF IElP_tn)lrl'l'] ll_l)ll}or'llllFe dis-
Irit)llti()h '.tl(Itl_ lhe salnl)l(! "e,'illE a llil_h-('II).i1(an('('

('(uLJilL 7 Hli !!1(< :'-(Ill)I)|1'7 %1"1)11 tilt(t so))l('thilit_ ill the

l)<'i[//,r al_+lhl :i 10" inltxilnlini fi,lnl)i,rltl)irp (titl(,ri,)l('p flit

lt()lil'()t){('li -l:tilil(',_s stE'(!I sa)nl)h'_. I "¢,()li(l(q" }l()w (hi>

_volltd i. _ i_ h :E hi_h-(>n)itlall('E' sElrf'E('('.

[21"\" t/: _1% (' littV(' (Jliserve(t (|l( > sltEEl|)l('s itl lh(! hell

jar, _)lit v,(, till\(' lio't ael)Eal|y :Elt(ql)l)l(,d l(i l))(qtsllr('

1}l('ii" tP)lit)(,l:il itr(,., v,'ilh lh('rlliO('()Eip]('n.

link t', "_'i'11: [TI v(llir l)al)(,r I Tit)(('d (hal yOtl tin(, :t v.tc-

il))l t)!llll;i ii ()ill, its_(!ll)l)|%, ll, ll(t all oil dittuni()n l)li)ii]) in

1hi, t)th(,r I), I_:lki)l_ ()Ill lh(, _.vn((q)i u_i]lg llu' var-

]()li litlliil) {it) ,\l)tl ('v(!r _t_I all ()Ell_L_nill_ pFOI)]('nE wilh

1hi, I):lr_i)!i "- t_lack '>

FiN %1: \\'_' _11"(' Ii(i ti)n_(!r EIshil_ !hi' \'tt('-i()ii 1)unll/

[)(>t':Ell_( ' (_f 4ilN.uhi('_ w(' had ill i)lilially s('llhlll UTI ()lit
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automatic liquid nilrogel, feed and shul-off control

circuitry. W(, had s()nle Warlll t)ols ill lhc [llOrllillg, oii

two or three occasions because of tic) [iqui(| Iiilr(lgell.

This allowed a (,(msideral>h, transi(ml gas load to t)(,

released from lhe chail(I)cr w,dls which was sutticient 1o

choke oil" the va(_-ic, ll pump. I1 was lhen necessary t(>

use a diffusion philip system ill order to get lhe vac=ion

pump hack in operatiol< After a couple of these cycle,-,

we kept. the 4-inch diffusion pure I) on l)crmanel(tly. I

think this l)roblem was independent of the (,()ating (m

the chamber walls.

ASKwY'rH: You said you have a l)robh'n) with

liquid nitrogtm c(>oling when the sample is al 1400 or

1500 ° F. Wily- (]on't you use water cooling? At those

temperatt£res the ratio of the fourth flower of the saml)h+

teml)erature to that of typical water temperature is

approximately 200 to 1.

FUNAI: For samples operating at 60(1 ° F or higher,

water-cooled chambers should be just as good as liquid-

nitrogen-cooled chambers as far as the emittance deter-

ruination goes. We are continuing to us(.' liquM nitrogen,

however, to improve the vacuum and to reduce the

amount of l>article return from the chamber walls to

the sample.

S(!IIWARTZ: Mr. Funai, in developmental testing

what is the difficulty of going through quite a few

samples. You are able to handle four at a time, but

what is the problem in actually prel)aring these samph,s

in cylindrical form?

FUNAI : The instrumentation of the sanq)le?

SCHWARTZ: Not necessarily the instrumentation, but,

instead, the application, or the oxidizing of the metal

cylinder.

FUNAI: The coatings to the sample?

_CH WARTZ: Y (,_s.

FUNAI: Procurement of rod stock of some of tilt'

newer alloys such as the refractory-metal alloys is a

little more difficult than for sheet stock. Rod stock is

also more expensive. Machining of the samph,s may

be a little more difficult than wouhI be the fabrication

of samples from sheet material. None of these disad-

vantages is prohibitive though. Tim oxide coatings we

have formed on the stainless steel and Inconel samples

appear to have the same characteristics--spectral re=

flectance, coating thickness, chemical comi)osition and

visual appearance--as the coatings we obtained on flat

disks of sheet stock of these materials. We have found

some variations in the api)earance of the oxide coating

on each sample and between sanq)les, hut the sam(,

variations were noticed on the disk samt)les. The

oxidation-resistant coatings we have received have been

applied both to disks and to the cylindrical samph's by

commercial suppliers with no apparent difficulty.

GaRy Gmwox, Radio Corporation of America: What

is the advantage of a hollow cylindrical sample versus

a thin-plate sample?

FUNAI: Our preference for the hollow cylindrical

sample is based primarily on our belief that we can

achieve better uniformity of sauH)le temperature with

this type of samt)le than with the thin-t)late samt)le.

From the point of view of easier saltqile preparation

and of being able to use sheet material to fabricate the

sample rather than machining it from rod stock, the

thin=plate sample design seems superior. We have con-

sidered using thin-plate samples in tim past but have

not designed a heater which wouhl keep the samph.

at a suitably unfiorm temperature.

692-146 0--63--22





34--INSTRUMENTATION FOR EMITTANCE

MEASUREMENTS IN THE 400 ° TO 1800 ° F

TEMPERATURE RANGE

BY A. GRAVINA, R. BASTIAN, AND J. DYER

RIcPUBUC AVIATtON CORPORATION. FARMINGDALE, NEW YORK

Equipment is descrit)ed which was used to measure simultaneously the spectral and

total normal emittance of materials in the temperature range from 400 ° to 1800 ° F while

contain(_d in ambient and vacuum environments. Equipment design, set-up, and experi-

mental proct_dures art_ prvsented. Also included is a description of present activities directed

towards the assembly of equipment which will help improve experimental accuracy and also

provide for an_;ular emittance measurements in order to obtain more comprehensive data.

The first parl of this paper describes an ap-

paratus used to measure the total and spectral

normal emittance of materials contained in

various environments. The equipment was

designed and fahricated as part of a iTS Air

Force-sponsored program oriented towards in-

vestigating material emittance behavior under

various environmental conditions in the tem-

perature range from 400 to 1800 ° F. _ This is

followed i) 5' a description of present company

sponsored activities which includes lhe assembh-

of equipment to provide a more comprehensive

experimental approach by providing for an_zular

emittanee measurements.

The equipment used for the Air Force pro-

gram is capal)le of measuring simultaneously

the total intensity and spectral distrilmtion of

radiant energy emitted by heated specimens in

any desired atmosphere including wteuum.

"rite complete system <'onsists essentially of:

a. a single-1)eam <hml-channel radiation

measuring instrument which gives total and

spectral data simultaneously

b. a test chamber which allows samples to

be heated via resistivity to over 2500 ° F in

controlled at mosphere

t This program was initiated and monitored by the
Thermodynamics Section, Thermophysics Branch,

Materials Central of ASI) tamer Contract AF3:_(616)

5925. A compl(4(, <h,scril)tion is available in the final

WAI)I) report, TI{ 60 102, which covers work done

during the period from duly 1958 to September 1960.

c. a w_cuum system with a pressure capa-

bility of l0 -+mm Hg or lower in the test

ch am her

d. a high-temperature reference blackbody

functional from 400 to 1800 ° F

e. auxiliary instrumentation for sample

heating and recording of total and spectral

data.

DUAL-CHANNEL RADIOMETER

The dual-channel ra(liometer was vendor

fabricated 2 in accordance with Republic Avia-

t,ion specifications. The instrument consists of

a F/5 collecting optical system followed by a

Leiss Model 9000 single monochromator for

giving spectral data of sample emission and a

total radiation channel for measuring total

radiation output directly. The dual function is

accomplished 1)y time sharing incoming radia-

tion t)etween the two channels with an optical

chopper operating such that radiation is inter-

rupted at a rate of 80 times per second (i.e., the

chopper generates a carrier frequency of 80 cps)

and is continually referenced against an inter-

nally containe<l blackbody whose function is to

supply a constant background signal. Both,

channels utilize thermistor holometers as de-

tectors.

The optical system installation is shown in

figure 34 1. Radiation emitte(t })v the source,

-+Barnes Fngin,ering Co., Stamfor<t, Conn.
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OR HIGH TEMR BLItCKBOOY

II I_(_)BLACKBOOY
_' SOURCE

t,'t _ MONOCHROMATOR

// I _ENTRANCE SLIT

i/ EXIT SLIT

' "_/L_THERMISTOR
/' r DETECTO_

MIRROR CHOPPER HERMIGTOR DETECTOR

F[OURE a4-1.- Optical system of dual channel radi-

ometer.

which may be either tile high-temperature
reference blacki)ody or tile sample in its

chamber, a is focused by u fohled mirror system
onto the total chamlel thermistor (1) and by

reflection (after the chopper blade has advanced

by 90 °) from the mirrored chopper (2) onto the
entrance slit (3) of tile monochromator and

thence to the spectral channel thermistor (4)

which receives dispersed target radiation.

The mirrored ('hopper serves to optically

('hop the targel ra(lialion and continuously

reference il against radial ion from a low-tem-

perature Barnes IA I)hwkbo(lv (5). Hence.

the two dete('tors viehl simultaneously contimt-

ous tot al radialion and t he sI)ev( ,'ally distributed
radiation as deh.rmined by the nonochromator

s('anning. When the ot)lical path to "_he total
('hannel is blovke(I by the front surface of tit(.

a Note that two blackbodi(,s are utilized in the optical

_ystem. Thp high t_'mperature blackbody (4011 °

180(I ¢ F) functions as a r(,flwenc(_ radiation source or

target when refi,r(mc,_ curv,'s are recorded. This is

replaced by the sample hol(t,,r when sample radiation

is to be determined. The low temperature blackbody

(5 in fig. 34-1) functions as a background refl,rcnc(,

source for both th(, total and spectral charm(,1. This

blackbody is maintained from 100 ° to 200 ° F dependent

upon saml)h, test tempt,rat ur(,.

(qtopl)(W, _h(. rear sm'face of the chopper, also
mirrore(t, directs radiation from the low-lem-

peralur(' I)Ia('kbo(ly via the mirror (6) to the

total i.h,)m(,l dete('tor. Also, when the tolal
('hann(.l _lwrmis_or re('eives radiation front lhe

target, h,w-le)ni)erature t)la(,kbodv ra(liation is
fo('use(l (mr() the monochronud.or entran('e slit

as showl) in figure 34-1. Thus, the low-tem-

perat ur(. })la<.kl)ody altermttely snptflies to each

thermist,)r })a('kgrmmd ra(lialion when large1

r.(lia_iot_ i_ prevented from reaching 1hat par-
ticula,' 1}.'r,.islor.

'l'h(' ('h'('t)'i('al ol|tplll of each thermistor is

an S0-,'l)s .ht.soidal wave, the peak to peak

vahw l.,ii_g ItrOl)ortional t,o the difference in

ini(,),sili_ of t:t]'g('t al_d low-temI)erature t)la('k-

body radiati,)n. A preamplifier pro(hwes an

a-,' t_,,q)liii('._i()n of 5000 followed by an a(hli-
iiomd allq)liti('aiion of 1000 bv lhe amplifier

section of the Barnes SRA-IA synchronous

re('lilh,r-,_ml)lifiers. Synchronous reetiti('alion

o1' |Ills signal pro(lutes a d-(' signal whi('h has a

mag,il u(h, dire('11v l)roportional to the in('i(lent

radiafi(>.. Eat'l) sigmd (h'ives a pen of a I_(.eds

& X,),'tl,r.p %I)oedomax X1 -X2 r(,('order.

TEST CHAMBER

'l'}/(' ]('S] ('tl:l]llt/(']' \vas designed and fabri-

cal(.d a( R('l)_d)li(' Aviation. It is viewed fro,.

(tiff(,r('.l asl)('('ts in figures 34-2 through -5,

The ,qlal.})('r is ('onst ru('led primarily of sl ainless

st,e('l a).l h.s a ('yli1_(h'ical ('onfiguralion 11)

i)). i)) ,liam(,1('r a))d 15 in. in length. The in-

teri()r is ('(,at(,d wiih "Zapon" black pninl to

F1,a m: 34 2,--Radiometer with RS-8A reference

blackbody in source position.
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FimraE 34-3.--Radiometer optical system showing

tesl chamber in source position.

FIr, VIlE 34 4. Integration of radiometer with black-

body and test chamber.

I

i

Fmuiiv, 34 5.- Test chamber in open position showing

sanll)le positioned between electrodes.

reduce internill _'efleelions. Referen('e t<) file

filzm'es will illustrllie stone or the ('onstrueli(>n
delails.

331

From tigure 34-.9 it is seen that the entire ex-

terior is water-('ooled via the copper tubing
jacket. The exit, port for sample radiation

may be seen at the top center portion of figure
34-:_. A sodium chloride window is mounted in

the port when lhe ('hanlber is Io be eva('uale(l.

The knurle<l knob seen jus( below tile port
eonirols ii shuiter insi(te lhe ('haml>er whi<'h is

used lo cover lhe win(low when evacuation

t,akes plli('e, 1,hus l)roteeling it l'ronl possible

deposition (hie to salnl)le sublinlation. Anolher
port anti shutter arrangemenl (not visible in

the figures) is lo('ated on lhe ('hiunl)er side and

is used for observing s])e('inwns while un(ler
lest. A lighl is nlounled inside 1he ehand)er to

faeililale viewhi K. The lighl is turned off" vchen

rlliiS are tieing liili(]e.

hi figure :14-5 is seen lhe t)aek 1)lale of (tie

sanll)le holder on whi(,h is niounte(I it pair of

waler-('oole(I COl)per eieelro(ies anti a lhernlo-

('Oul)le glan(l. Eleclri('Id ('al)ling used ix) supply
power Io the ele('Irodes is seeli in llie left fore-

Kroun(]. The en(ls of l|ie ele('trodes are filled

wilh (.Ol)l)er caps, spring h)a(le(l liglliilst the

spe('inien to allow exl)lulsion (hie to spe('inien

healing.

A water-('oo|e(l ('el)tier plate (nol showll ill

fig. 34 5) ('Oiiliiiliilig ltll itperltll'e the SlLllle size
its lliltA of the ]ligii lenll)eralure reference bhick-

lie(iv is lllOlli]le(l tit)Olll }1 ill. in fi'oill of die sit.ill=

pie 1o further prevenl l)a('k-s('lillere(] rltdiiilioll

fronl enlering tile field of view of lhe (|eleelor.

The |)aek plaie is lilove(I viii a (h'ive geiii'
itrraligeliielil into (tie ciianll)er to position )l

specimen for testing. The dinlensions of tile

eleclrodes, el('. pla<'e(l the sltnlple in the focal

plane of' the collecting Iliirror Of the opti<'al
syslelil wileli the Imck philo was seale(I ligliinsl

lhe filllige of lile ('hllliiliei-.

VACUUM SYSTEM

The va('lluin s\SlOln ulilize(I is slandlu'(I in

design aii(l ('ai)lil)le of llliliiniilg pressllres of

10 -4 1o 10 -s toni IlK. '['esl pressures of interesl
in lhis progrlml were 5000 and 5 10 # in addi-

lion 1o alllmspheri(.. The nle('hlmi(')il pump is

)i Cen('o 9200:{ Tyl)e I Nlegavilc whi(,h a(qS its
]'(ire l)dlUi) for lilt li]|-lllelill wli_er-('oole(l Con-

soli(htle(l Ele('lro<lynll)nies Corl)oi'lilion VXIF

size 44 diffusion l)unil).

Pressi;re l'ell(iiilKs in tile 5t)(t()-# rlulTe are

ot)serve(I eli li Vee('o Viicillllii (_orporalion
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SP IS nfillimeler-range vacuum gage and read-

ou't in the 5-10-_ region is a('hh'ved on a Con-

solidated Elecu'odvnuinws ('oft)oration ']'ype

2201-03 Pirani gage.

NIGH-TEMPERATURE REFERENCE BLACK=

BODY SOURCE

The bigh-lempevat,re ,'el'erence ]>lackbody

whM, is use(I as _t st,uvce whe_ standar<l spec-

tral emissive power era'yes are obtaim'd is a

Bar,ws Engim, eving R.< SA modi[ied to operate

from 400 ° F to lS(10 ° F. This unil is prol)or-

tionatelv len,pera_,_ve conlr, lh-d _o :k0.5% at
1800° F and Ires an endl'tance of 0.99±0.01.

To equalize the optical t>ath I'or both sample

and reference I>lacM)odv when samples are run

in other than 11ormal atmOSl)heric conditions.
a soditlm chloride window is mounled in ['rmll

of the lllacM_ody. 'l'Idsis ll'_lls!iown illtile

photographs.

INSTRUMENTATION FOR SAMPLE HEATING

AND RECORDING OF TOTAL AND SPEC-

TRAL DATA

Resistive hea_ing of s..qdes is ac<'omplishe_l

t>v stepping up tilt' l lO-v a-c line vt>llage via

it 5-kv_l Variac _r..sl'or..,r and utilizing lids

Olltl)Ul lit drive a set'oral ll'ansl'ornler with a

high primary t. low se,'o.&.'v Im'n ratio.

The smnple is cmlnecled direcdy at'ross lhe

se<'om]arv of Ibis lral_st'orJj.,r. .%imph' power

Outl)ll| iS r('!Zubvled m:mmdlv via the Varia('.

Tim sanq)le coBii//traliOll ['oulld lrlosl suit-

able ['or use wilh lhis pm',er lil'l'itll_elllelllL \vas

a tensile shape_l SlleCiIiiml (; ill. long, }{, in. lldcl,:
lllld a_ill. wide in tilt' m,('lw, l-down porlion which

is 4.5 in. long: tiw ends bping l':i in. wide. '['o

ascertain whelher lilt,sa,nph' healing was uni-

t'onn in the region seen l>y lhe radiometer sys-
1era, an Ol>lical pyrolllol,_.q' WaS used. [t was

found lllll( 1lie t).VI'CHIleIP1• t_lament disat)peared

over its length whe,_ <'onlpared lo lhe heated

necked-down poriion of Ihe sample as a back-
ground.

('hromel-Alumel No. 30 gage thermocouples

were used Ill mlmit.r sample tenlperature.
These were wehled ,,nl_ the center of the

necked-down porti/m of the sample directly

opposite tile l).rtion of the sample view-ed by

the radiometer. In cases of nonconducting

<'oatim_s.., a small lmrlitm of tile eoatin,*., was

removed to expose base metal. Sample tern-

perature readout was obtained on a Leeds and

Northrup millivolt potentiometer resolvable to

within 0.10 mv (±5 ° F),

Speclral and totM channel signal readouts

were simultaneously obtained from a Leeds and

Northrup X I - -X2 Speedomax recorder.

Spe,'tral s(.anning was optional with respect
to either manual or automatic operation.

Automat ic scanning was achieved t)y a synchro

transmittcr-re('eiver combination. The syn-
chro transmitter, (Bendix Aviation Corp. model

No. 4, type :_It6) was driven by the ree<)rder
charI driw, motor and in turn actuated a

synch]',, cec_qver (Bendix Aviation C.orp. model

No. 4, type 3F) which rotated the mono-

chromat,,r wuvelengt.h drive. A scan time of

about 4 rain, for the wavelength range of about.

1 through 12 ,, (the effective wavelength

(tistrilmtion of radiation from samples and

blackb<_dy in the temperature range of interest)

gave sullicienl wavelength resolution to satisfy
[t_e needs -f Otis program. Since there was

n/, provision for automatic slit programming,

eonslanl slils, with the aid of the electronic

gain contr_,ls, afforded proper recorder pen

defte('timl, at each temperature.

SYSTEM INTEGRATION

The lest chamber, high-tentperature refer-

ence blackbody a,n(l the radiometer optical

systen_ were integrated most easily into a

compa<q w_,rking unit. by utilizing a lathe bed.
The lathe bell carriage afforded the necessary

lateral molten whicll would permit either the

sample <,r the reference blackbody to be

optically' aligned with tile radiometer (which

rested on a table attached rigidly to the lathe
bed fra he! when each in its turn was acting as

tile radiati<m source. Repeated proper align-

[nerll o[' each s(,urce was assured by mechanical

stops which limited the lateral motion of the

lathe bed ,'arriage to the proper position.

Fiu'u,'e :t4 2 shows the reference blackbody

alld tesi <:hamber mounted side by side on a

plat f.m n at t a,'hed to the lathe bed carriage with

the referenc'e blacktmdy in this instance acting
"_' ras the s<m,ce of radiati,m. I_lgure 34 3 strews

a clearer view of this aspect, where now the test
ehamiwr is ,m axis. Motion of tile test,<qmmber

relative {_J the va('/lUln system manifold was
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accomplished t)y using a 4-ft stainless steel

bellows eouplina

A schenmt, ic of the (!olnplete system is

shown in figure 34-6.

The sitnil)le ehalnber, because of its complex

o[' water, vacuum, and electrical connections,

o('('upied it fixed position on this platfornl which

Wits lilOilrii(!d ell (tie ways of (.h(, lal.he bed.

This phttt'orin could lraverse tim lit.the bed

laterlilly_ and the test chaniber had only this
one freedoln of lilovonlerit wiiich defined the

sitniple !l)[illit,. Th[,refore, ih(' rltdioln(qer which

eol_la.hls lho I_t,iss nlonochrolllaior WllS posi-
tioned relative to the test ehaniber so its to

place the erilrlLiiee slit. of file iilOiioehronliltor

(and also the tolal ('hallllPl detector) ('onjugat.c

to the sample phme for proper imaging.
The blaektmdy was l.tleli liiOiililed oil tim

pllttforni adjacent to the test ehlt, lnber and

positioned lal.eridly and vertically t,o int, errupt

the optical axis of the radionleter, whereupori

it was moved back and forth along the optical

axis until ntaxim urn outpui (r(,cord(w deflection )
was ot)t, ained. This was found to occur over

i_ depth of focus of about, 2 in, The final

position sdect.cd was at the niidpoint. It was
ol)sorv(,d t.hat, this position was ('onjugate t.o

Itll ililitg,,' Olt the lllOllo('hrollliltor elltraltC, e slit

of thai port,ion of ttl(, conoid of Sturni which

is (,longat(,(t ill Ill(, V(,l'li('al (lire('tion, thus

lnp<xhnally overlu.pping the slit.

Wavelength calibration was achieved by

utilizing suitable stalidards of emission and

absorption.

The procedure initially entailed rotating the

dispersing prisln manually in discrete incre-

ments and recording a series of steps repre-

senting t.tm levels of sp(,('l.ral norniai energies

of the corresponding wlivelengths. Meanwhile

II separate channel re(,or(h,d tim total hernial

(_Ii('r73:. This l)roct_dur(, was enlt)loy(_(t con-
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secutively on the blackbody and the test
sample.

Subsequently, after satisfactory system op-

eration was demonstrated, the automatic scan-

ning of the spectrum by means of synchro

motors was used to rotate the prism and a
(.ontinuous spectral emission curve was re-
corded.

Single-bean operation was employed whereby

two consecutive curves corresponding to the

blackbody and the saml)le were obtained. By

superimposing the two curves, corresponding

spectral points eouh| be ('ompared to obtain

a plot of the spectral emittance. Spectral

emittances were computed by taking the ratios

of sample and blackbody readouts at. a given

temperature at 0.i-u intervals or less. At-

mospheric absorption bands served as con-
venient reference indices to aid the super-

position process.

CRITIQUE OF MEASUREMENTS

instrumentation

For total emittanee, any disparity in tempera-

lure betweet_ the sample and blackbody
introduces a relative emittance error that is

four times tlw percentage of the disparity.
For example, to measure total endttance to

within a relative experimental error of +2%

the absolute temperatures must not differ by

more than ±().5%. For spectral emitlance,
the relative error at the wavelength of maximum

emission approaches five times the relative

temperature error. The minimization of error

therefore is directly related to tile accuracy

with which sample and reference temperatures
are matche(I. This means that the blackbody

('ontroller settings must be precise and sample

temperature [neasurements must be scrupu-

lously made. Thermocouples shouht be cali-

brated, as shouhl the potentiometers use([.

Rea(lings must t)e precise and room-temperature
compensation must tw maintained on th(,

potentiometer.

Blackbody temperatures were obtained and

(.on lrolled t)y tile Barnes prot)ortional controller

whi('h has a rated a('curacy of =t-0.5% at 1000° ( '

(1S32 ° F). Readout was obtained on a re-

cording l)otentiometer at'curate to :i-0.3%.

Sample lemperatures were measured with

No. 30 ('hro)nel-Ahulwl thermo('ouples which

are accurate to ±0.75% at 1000 ° (2. Tem-

peratures were read on a potentiometer accurate

to ±0.15%.
In addition to these inherent instrumentation

errors, there were errors due to accuracy limi-

tations in setting and reading the instruments.

Data Reduction

Tlw spectral emission curves plotted by the

recor(ler were sut)ject to data reduction limi-

tations pnrlh'ularly in the regions of atmos-

pheri(' al,sorplion, where the slopes were very

sleep, arm in regions of low emission where
the fever, let deflection was minimal (i.e., below

l# and above 12#).

It should b(, noted that, for a blackbody at

IS00 ° F. !)(;J;°)_ of the total energy is between

1 and 12u, At 600 ° F, S2% of tile total energy

lies bel_veen 2 and 12u, with an additional 707o

oul to 15u.

Temperature Gradients

Spe('inmn temperatures were measured with

thern,w,uples welded onto the metal subs/rate.
]n a f('_ inshmces where there were thick

ceramic _.m_{ings, appreciable thermal gradients

were intr_Muce(t. According to one reference

each rail ,d lbickness of ceramic coating pro-

duces a l ° F gradient. For a test temperature
of 1S00 _ F this would reduce tile emittance

appr()xilnalely 0.2% for every rail.

Vacuum Tests

These lests were subject to an error produced

by the mwqual rates of deterioration of NaCI
windows. It was found that the sample cham-

ber coolmt the attached window, causing water

wiper ('(,m]ensation whereas the blackbody
window, which was slightly warmed by the

blackbody ,'asing, remained dry. The water

condensation fogged the chamber window,

lowered its transmittance (especially in the

visible _tl)(t rtear infrared) and consequently,

reduced the emittanee value for the test sample

a variable ,'_mount, depending upon the degree
of vl.udirless To alleviate this condition, the

wind()w_ were repolished when foggin_ became
several

Sample

A tinM point to be made in regard t,o the test

results is l[lal, ill general, differences in sample

preparat i(m, camposition, surface Iexture, t hick-
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ness and adhesion can cause appreciable

variations in emittance. Furthermore, dif-

ferent heating rates and temperature exposure

durations can affect the rate of sample degrada-
tion with concomitant modification of the emit-

tance. This implies that sample process con-
trol and test history are important experimental

parameters when reporting test data.

Total Error

The total root mean square error is estimated

to be _8c-/o for nonvacuum tests and 3:10%
for vacuum tests.

COMPARATIVE TEST RESULTS

A comparison of results obtained on tile

RA(', apparatus with published values for a
number of _vailable materials indicated that

the instrument was providing reliable data.

Unfortunately, spectral data were scarce on

materials awtilat)le for testing and the com-

parisons had to be made for total wdues only.

For example, the Rinshed-Mason (_onq)any

in(tieate(I that their Q36K802 paint has a total
normal emittance of 0.90 at 1200 ° F which

conformed exactly to the wdue obtained with
the total channel of this instrument. Hanovia

reporte(l their liquid gold at 0.047 at 480 ° F,

which wdue ('Prepared favorably with 0.05 at
500 ° F obtained at RAC. The emittance of

stat)ly oxidized [nconel-X was reported to he
0.92 at 1800 ° F (ref. l) which value was in

excellent agreement with that obtained at
RA(L All these measurements were ma(le in

an air environment at atmospheric pressure.

SYSTEM MODIFICATION AND ADDITIONS

Features are being incorporated into the

RAC facility which provide greater reliability,
convenience, and allow for _t more compre-

hensive approach to emittance nmasurelnents.

Current interest centers about the design an(l

fat)rication of n goniomctric-tvpe instrument

which will permit the measurement of emittance

as a function of angle as well as the other

significant w_rial)les. Angular characteristics
of cmittance (_n([ reflectance) shoul(I t)e lie-

retrained experimentally to a(lequately describe

existing materials and to aid in developing

new ones with tailored properties. Also, knowl-

edge of the angular function will permit the
('aleuhttion of integrated quantities more pre-

eisely than the approximate methods presently

employed. It is only for true cosine emitters
that the hemispherical emittances can be de-

duced accurately from the normal values.

For other types of surfaces, ranging from

highly polished metals to highly emissive ma-
terials, various degrees of approximation (ref. 2)

are necessary, since no unified theory exists
which treats all types of surfaces adequately.

A eh,mber is under construction which has

provision for rotating the saml)le relative to a

radiometer optical axis in ad(tition to facilities

for sample resistive heating in vacuum :rod
controlled _mnosphere. A cutaway view is

shown in figure 34-7. Sample rotation is

achieved t)y placing the electrodes, which also

serve as specilnen mounts, on a t)ase plate

subassembly capable of rotation relative to the

main, stationary, chamber baseplate. Vat'-

uum sealing is effected t)etween the moveable

and stationary parts of the baseplate |)y O-ring
seals. All t]lermocouple and other components
relewmt to the measurements are brought into

the chamber through wt('uum-tight glands
mounted in the moveable baseplate assetnbly.

The moveable haseplate is capat)le of rotation

through an angle of -A:90 ° relative to the

optical axis. Rotation is achieved via a pre-

cision gear drive and the angular setting is
read from a calibrated dial plate as shown.

All seams and joints will be nierobrazed to

insure a vacuum-tight assembly.

_-- SPECIMEN

MOUNT

SE PLATE

opT_

THERMOCOUPLE

/

L/ _/]1 _//---_ LEVELrNG SCREW
WATEN-COOLI[C --_--Y e,W,GLE COU'r NOt.

PC_ItEN LINES I + eo.I

FIGURE 34-7.--Sample test chamber for angular emit-

lance measurements in controlled environments.
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Sample-bla<_kbt)(ty tet.perature disparity will
be ndnimized by utilizing tile sample power

supply and temperature ri)ntr(d system shown

in figure 34 S. The (lesirrd test tenq)erature
will be set on the blackb(uty prop(,rti(mal cen-

t.roller and any disparity between it attut the

sample ternperature is tmtnifested by an error

voltage generated by the (tifrerent, ial thermo-
couple. One element t(, the ('<ml)h' is c(mnect.ed

to the blackbody and the other ((> the sanlple.

The output <,f the differential t herm(mouple
will activate a null balance recurder in which

the error signal is aml)lifie(i and fed into the
three-mode current-adjustittg-type (:(mlroller.

This controller, which has rate, resel and pro-

portioning band. will autortmtically feed the

5-FUNCTION

CONTROLLER

II
I+LL+"L="l

RECORDER ]

I ,ESTF-----t
I_sPE¢'MEN

DIFFERENTIAL _

f THERMOCOLIPLE

LOADC(_1 SYSTEM

I BLACI'( BODY iCONTROLLER

FZGURm34-8.--Sample power supply and automatic
temperature-control system.

I

SATURABLE CORE

REACTOR

I
STEP DOWN

XFMR

L

necessary r.rre('ti(m signal into a high ()r' low

power ranbTe hJad circuit. Each load eir<'uil,

(ff which that sh()wI| in figure 34-S is l.ypical.

e()nsists ()f a magnetic amplifier, saturable ('ore

l'e_t(',l()r _l[l(] _1 stepd<)wn IrllllSfOl'ItteI" tlet'l)SS

which the snt,ple is c(mnecte(t. The c()rrect.i(m

signal is +jl , plified by the maffnetie antl)lifter
and tit(' <mtpul <:(mt.rols the saturable core

reacl<,r iJ)tp('(l.nce such l}tat the line current is
adjusted I,, +t value necessary to tmtJntain the

satnple al I}t(' blackbody temperature. One

hind circuil is apl)licable for sample power lew,ls

ranging t'r(,nl 0.34 t() 40 watts whereas the .ther

is t>l)er_d)le <)vet the ranffe fr<m) 40 to 7500
watts.

The sl)ectr()photometri(' porti<m of tlt(, ap-

paratus is variable in that, two systems, depend-

ent, on the particular experitnent, may be used.
One is (he spectral/total radiometer previously

describe(l wl.,reas the other is a universal type

autott.tti<, ratio recording spectrophotometer.

The t)r'e_ent philosophy is to integrate th(.

systems i_ art" open" <,,onstruetion type arrange-

ment whereby ell,her ol)tieal system may be

used in rtmjun('tion with the sample ehamber-

Mackbody-tettll)erature v,ontrol system. This

tyt)e (,f ihlegration yields a system prone t()
inodifi<m, titm with . minimum ()f effort whih.

providing J)utximun! flexibility <)f <)per.ting
c(mditions,

l)el)en(ling upon the te)uperature, spe('tral

regi(m an,l (leffree ()I' angular rotation, available

radiation will ira+pose limits upon anguhtr

emit tutwe i_.,asurements. The approach anti<'-

ipated is t(, sacrifi('e spectral resolution where
necessary tu +_ain photometric, preeisi(m, in

lhe litt_iting (.use total ('ha(reel rather than

spectral +'}tatHle] illettsurellletl[S ('tilt be itla(te.



35--METHODS USED TO STUDY THE ABSORP-

TION, REFLECTION, AND EMISSION OF
INORGANIC SALTS ABOVE AND

BELOW THE MELTING POINT

BY JACOB GREENBERG

NASA LEWIS RESEARCH CENTER, CLEVELAND, OHIO

In order to investigate the species that exist

in fused salts it has been necessary to devise

spectros('.opi<_ leehni(lues to study these liquids

at elewtted t,emperatures, The purp()se of this

l)aper is to review some of tile melhods which

are tieing used in /he sludy of the optical

properlies of fused salts. A modified Beckman

I)17 spectroph,tometer wilh specially designed

quartz ceils w,s used initially (..blain data on

these inaterials in the region extendin_z from the

near ult, ravi.let t,) (he near infrared. Since

no contahler materials are availabh, which will

(ransmit infrared radiation in the full rang(,,

withstand high (emperatur(,s, and not react

with (he molten salt the,l)selves, tw())Jew meth-

()(Is have been devised t() obtain absl)rption

spectra of these systems ab()ve and bel<)w the

melting p()int. In one method, tile sal( is

supl)or(e(l in the interstices ()f a fine-mesh

platinuJn screen, and, in tile other, the salt is

placed on a heated gl)Id refleetin_ disk.

ABSORPTION SPECTRA

Near Uitrav|olet, Visible, Near infrared

l NSTRUMENTATION

q'his is a relat, ively convenient range to w()rk

in because of the applicability (if qtlartz <)plies.

Figut'e 35--I sh<)ws llte schenla(i(, ()r a Beckman

DU spectrophotometer which has been modi-

fied to enable us to rot'it a salt in a quartz

cuvette and obtain its absorption spect,ra. One

of the essential requirements in (he construe-

(ion (if a high-temperature spectrophot()nleter

is the nlailltenanee and control of a (q)nstant,

unif()rm temperature ab(mt tw() (lptical cells.

In order (o accomplish (his. (he (wtl ()ptica]

cells were embedded in a metal furnace b](>ck.

This )lwtnl block was placed in an insulated

mounting which was ,))()vable in order (() allow

for p()sitioning ()f (he cells in )he lighl path.

The metal furnace block and insulated mount-

ing were (hen encl()sed in a ligh(-li_zh( ahmfinmn

box which had wa(er-c()()led spa('ers a( each en(t.

This enlire uni|, consisting ()f tlt(, li_zht-ligh!

h()x which (.()ntah_ed the furnace and insulated

)n()unting, was put in place (>r the regular

samph' containing case ()r (he Bevl.:Jmtn I)["

inst,/'unlent. T() c()mpensate l'(w (he ehmgalion

of the lighl path, a quartz magnifying lens and

a pho(()multiplier detector were used.

The pr()blem (if thermal radial|tin is inherent

in tile us(, ,)f a high-terl_l)et'ature speetr()ph()-

QUARTZ PRISM_ _LIGHT SOURCE

MIRROR _OIAGONAL SLIT ENTRANCE

MIRROR

(At SCHEMATIC DIAGRAM OF THE OPTICAL PATH OF THE

BECKMAN DU

RESISTANCE

PHOTOMULTIPLIER TUBEF'-'_-_ HEATERS_

. ,L./--_iL_JI F..._.___,ii BLOCK METALINSULATING

Irh .... .LOC.
i)!!,-7o II -ILIGNT

Ik_--; ............... ,11" - Y H_c,'.,H - I]_'JSOURCE
I-- MONOCHROMATOR ] ["J'-_"l _

WATER-COOLED .SPACER-" ," L__.JL_, ,] -THERMOCOUPLE

QUARTZ LENS _' _:'_SAMPLE

HANDLE TO MOVE SAMPLE

IN AND OUT OF LIGHT PATH J

(B) SCHEMATIC DIAGRAM OF MODIFICATION

FIGURE 35-1.--Schematic diagrams of high-tempera-
ture rood|float, ion of (,he Beckman DI T.
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tometer since the cell itself as w(,l] as the bh)ek

emits radiation. This t),t,'kgr(,und radiation
can be eliminated from o11i' lne_lsuremetlts in

the following ways:

(a) special techniques for t)alaneiI]g the dark
(!urren(

(b) use of filters

((9 monochron_atizing after the liglfl beam

passes through the sample.

Above a certain tenlperalure, depending upon

the metal use(| (h>wer for steel than for copper),

lhe first two l)r(wedures were not quite sufficient
In order to reduce the ammmt of thermal radia-

tion reachinlz the ph()t()tut)e, the detecting unit

and light source were interchanged. In this

ease, light passed through the sa]nple first and

then entere<t the mon()ehr()nmt()r. The optical

system of the Be('kn)an mon(,chromat(w was
thus reversed. The phol()multiplier tube was

not e×posed directly to the metal furnace block.

The amount ()f baekgr,mnd radiation reaching
the dete('tor was substantially reduced. Pre-
vious to this lnodifieati(m, 650 ° (_. was the

uppermost linfit at which spectral data could
be recorded. With the instrument modified in

this manner the upper limit for recording data

is the softening point ()f the cure!re. Figure
35-1 shows the schematic of the modified Beck-

man DU speetrophot()meter.

CELLS

Three sizes of quartz cell were used. If the
melt contained any oxide or hydroxide, the salt

would wet the quartz and upon freezing would

crack the cell. If the melt, was dry the salts

would freeze and solidify in _L solid detached
from the cell walls. The l()-imu cell was made

by fusing four quartz ()ptieal fiats together. To
this cell body was attached a tube, l0 mm in

inside diameter, whic]l consisted of a graded

seal of quart z t() Pyrex to facilit ate sealing it to a

vacuum system. The first item necessary for
the construction of the 2-ram cell body was a

U-shaped rib of quartz which was 2 mm thick.

Two quartz optical flats were then fused ont.,)

this rib. To this cell body was attached a tube,
Snm, in diameter, which consisted of a graded

seal o[' quartz to Pyrex. This cell was used in
most ()f the experiments. If the melts were

weakly abs(,rbing, the nwasurements were re-
peated in 10-ram (.ells. lr the melts were

intensely _tbs(+rbing, the measurements were

repe_t(,d it_ c_q>illary cells.
A slaiuless steel spacer 0.02 mm thick, 42.5

mm long umt 10 iron wide wqs necessary for
the c(mstruction of !he capillary cell. This

spacer wa'_ _m<lwiehed between two quartz
(,ptical fh_ts whi('h were 12 mm wide. The four

corners of the two ()ptieal flats were fused and

the sp_,'_'r r,,J_ove(I. The (,ell body was then

co,Jq)h'ted by fusing the t',v,) hmgest edges.

V'/ilh ni|r,)_Zel_ g,ts 1)eing t)h_wn ('ontinuously

through lhe tube t(, Ik_ake sure !h_lt the capillary

edge did u,)l ('h)se, _l quartz tul)e w_ts fused (o
each ('ml ,d' the capill_try body. Since eonve('-

tion is li_lil,'(t iu such a cell, the edges of the cell

were m,l(h' i_, slope for ease in cleaning. This

was done by pulling on the optical flats as each

quartz lul)e w_ts altache(l. Figure 35-2 shows

t he sehemaiie )li:lgram of the quartz capillary ,.ell.
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EXPERIMENTAL RESULTS

All the salts were carefully dried. The alkali

haines, in particular, required prohmged

vacuum drying at gradually increasing tempera-
lures. All (4deride and bromide salts were

further dried by fusing and washing with the
appropriate anhydrous hah>gen halide. It was

neeess_lry to wash molten silver chloride with

,'hh,rine gas _lrl<l lhen hydrochh,rie acid h,

reve,'se nny dec.mp.siii.n which occurred upon
melting. With the exception of zinc bromide,

the observed s/)eetra divi<le the w.wdength
scale into Iwo parts, one or eomplele h'ansmis-

sion ,nd one ,,f <,mq)lete absorption (ref. 2).

The transition between these two regions is

sharp. Since the ..,Jar extinction coettMent,s

for pure m()llen salts are (,f the order of l(P, in

order I() res(,Ive some peaks it was necessary to

(1. (tihHi(m experiulents (ref. 3). Figure 35-3

shows the al)sorl)t i(m edges usually observed for

pure molten salts.

3 -- "" 277my. ._535mp.

I--

Z

UJ __ _;: : O,4P m/_./"C

c_ --:0 I0 mp./°C
u T '
<I

I-

n _ IN 2ram C_

o _ CELL VS AIR

0
50 600

mp. WAVELENGTH

FI6URE 35--3.- AhsorpHon spectra of pure salts.

These absorption edges for halide salts move

to longer wavelengths (lower energies) as the

temperature increases. The reason for this is

that the absorpli(m mechanism is one of charge

lransfer fro.l the anion to surrmmding cations.
This electron transfer is mn(le easier due h,

eollisi(m impnet I)y the eati(m into the anion

sphere as the tev,,l)erature increases. This ex-

planati(m of the absorpti(m process applies very

well to the euteetie mixture as shown in figure

35 4. When the mechanism of ahsorption is one

in which an electron is ejected from a hal(tgen

negative i(m, a neutral halogen atom is left

behind. The ground state of a halogen atom
is a doublet. This dm]blet was observed in the

Organic Salts 339

3 --
400 ° C

/2
0

200

X ira/.)

500 ° C

350 200 350

X (m_)

FmVRE 35-4.--M)sorption spectra of 5 tool percent

potassium iodide in lithium chloride-potassium

chloride.

ease (,t' p(,tassiunl iodide in lithium chloride-

potassium chloride (KI in LiCI-KCI) and in

lithiu._ bromide-potttssium bromide (LiBr-
KBz). The peak maxima for the K] doublet in

LiCI-KCI at 400 ° (' .('cur at 250 m# and 270 m_.

This separation c(wresponds to an energy of
0.37 ev. The doublet separation for the iodine

atom which is larger than for the bromine atom,
is reported as being 0.94 ev. fief. 4). In the

molten sail the doublet separation is smaller

and cannot be resolved at higher temperatures.

This is expected since the ground state is de-
localized and therefore dependent upon long-

range order. Upon melting, hmg-range order

is destroyed and the energy levels of the ground

state are brought closer t,o those of the excited
states. This would aee()unl for the broadening

of bands observed.

In the case of crystals, a region of continuous

absorption indicates that an electron has been

promoted to a conduction band or that the series
limit of the "exciton levels" has been reached

(ref. 5). ,Since the absorption spectra of alkali

halide solutions do not show a region of contiinu-

ous absorption, it is not likely that the electron
moves freely thr<>ugh the liquid but that it. is

effectively bound t() the positive hole which
it leaves.

Again, in keeping wtth this interpretation it
is observed that the larger the _mion of the

halide series (tim lower the ionization potential),

the lower the energy at which the ,tbsorption

edge occurs.

In (.onelusion, spe(.tra <Iue to <.barge transfer
will show definite shifts with teml)crature.

However, if the absorption _,le(,hanisn_ is due
to inner shell transitions, the bands el)served
will have lower extinction (.oeffwients and he-
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come more intense as the temperature is raised.
This is the ease for the rare earths.

Infrared

INSTPd'MENTA'I'IOX

In order to overeo.lc (he t,_at(,rials problem,

two new te<.hni<lues have been devised whi(.h
allow for tilt, ahsorl)tio, of radiation withom

the interferen<'e of a .ontainer (ref. 6).

/Yatinum Ner+.e. 77'ct_.iqu,. Figure 35 5 is

a sehemati(, of the l)lathmm st.teen (,ell used

for obtainin K data oil samples run in air. The
st.reen was 32 im,sh with 0.15-ram diameter

wire. It was healed <lh'e<'(lv l)y passing up to

20 amp alternating ('UL'reLH thI'Otl_lL it without

+'oJ))D]it'ttlitlg ef|'eels, t_e('ause of the small
thermal mass, the standard ('ell holder for the
F'erkin-El].er model 21 and lira(tel 13 was nLod-

ified and used in the t'outitw way without insu-

latin/ or cooling probh,J_s. In the study of
alkali nitr_des, it was estiJlJated from densit, v

and area considerations that tilt, sample thic],:-

hess was approximately 0.()5-])lJu (ref. 7). t"or

operat, ing in va('uutll, ceils have been used

whi<.h are heated directly or l)v use of a 2-ohil_
ceramic-core resistam.e heater placed on tile

outsi(le of tile l)latinuL_, screen ('haml)er. A

phdinunH'hodiu]n thermo('<mph ' is attached to
the ('enter of tile s(.reen. With the screen at)out

20-ram wide a tmiform temperature can be

maintained across a Ill-troLL path at the center.

A 32-mesh sereell will din]inish the intensity

of the [)eallls at)out 50c_& and this required
that the referem'e beam be attenuated a sim-

ilar ,mmtmt. The use of a single loop of plat-

,-STANDARD SIZE

P L AT INU M_I DER

THERMOCOUP/E

LEADS

FI(;I RF+ :{5 ,_1, Pl;lliltllll[ "-Cl't'C:II ,:LpDII.FHIII,_.

inure It) ,_ul)port a droplet adds the <'omplieation

of s<'a( t('t'i)l_ .)Ld diffraction effe<,ts not ol)served
in the use of tIm fine-mesh screen.

l+)c#(c(<lncc ¢'_ll. +The reflectance cell tecl)-

nique (ref. (1) w.s eon]plementttry to the plati-

tltIllI s('re(+tl te<'hniqtw h+ the sense that it

allowed ft)t+v.ri:tti()ns in sumple tl)i<'l.mess. The

<)pti<'s th.t _+'z'(, (lsed .re from a Perki)L-gh.er
refle(.ta).,(, .tt:..hm(,tH for the model 21 sl)e('-

tr(>/)l.)t(>)L_el('r. Tiles(' opti('s were desi_))e<l to
deflect lh<, be.m peri)eLulieuh)rly to the light

s(>ur('e with ;_ )))i))imLim loss of intensity. The

salts _x('t'_. l,tlrilied (for tilt, ,Ik,li filtrates tiffs

meant t).l)l)lill/ with dry nitr()gei+ /as und

filtering: l l+r(.Lglt ['yrex glass w()ol) and pil)etted

()nt. 11.. :_:.hi (!;()_ Au ]0% Ih) disk. The

wit.bin l,(,hler w_s then ])laced onto the Pyrex

('tip Nll(] Ill(' ,'4yslelll evacuate([ if lle('esgltl'",.

'I'he ('ell, wi_i('h w.s heated ]iv a 2-ohm resist-

an<'e }l('ater. w.s brought to (eml)erattH'e l)efot'e

tl_e sail x_.s l)il)ette(l in(() it. The tem])erature

was <,()nt)',,ll(,(l hv ineans <if . I)roportiotm[
<'<)ntroller

R ES 1I ,'1"_

Ther(, is /<><)(Iugreement between tilt' (|atn
ol)t.i.e+l l)_ the tw<) metho<ls. As with the

quartz ,'t_)'(.l t('s, if the melts were free <if hydrol-
ysis ())" ()x,l.ti(m l)rodu('ts, no materiu] deteri-
()r)Lti())) w:_s n(>te(l. In hoth ('.ses. salts (.ouhl

l)e alh)x_(.(] It) freeze with<)ut ('onH)li<'u(ing
effec I,_.

In /etleral, it bus been observed thltt th('

infrared ba).l intensities and position do not

<'han/e very much in going through the tnelt-

ing ])oi.i In ue('or(hmee with thermodynami('
(hit. it ('at+ t)(> un(lerstoo(l that at 50 ° (_ al')ove

the meltin_z point, the ground states of the

st)e('ies t)tes,'nt are not )_pprecial)ly (listurl)ed.

The v.t'i:,(io)) of frequency with the state of

aggreg.ti(,t) has t)een the subject of several in-

vesligati,)ns The generalization that has been
re.de is t lint if there are weaker |)on(ling forces,

there will he lower frequencies of oscillation

(ref. s amt 9). Therefore, a shift to lower fre-

quen('ies w()uh[ t)e expected in going from the

('rys(.l l() the melt t()solutiorL It wasol)serve(l
[hal iu t}le (',st, (if the alkali ngrates and nitrites,

in ,_e.er.I, tt.' fundamental frequencies shift to

h)wer et.,rgi(,s as the temperature is raised.

l[,)wever..(, ut_if()t'n) (')mnge with leml)erntttre
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was (hqe<qed for lhe combi)mtio[) and ()verlone

bands, ltowever, the shift of lll,'prinmryO-ll

frequency in sodium hy,h'<,xi,h, <',n be relale, I

to the presence of hydro_ren t>ondingr in the melt
fief. 10).

The infrared absorption spectra of so(lim_l

nitrite, above and below the melting poinl,
was investigated by the platinum screen
technique (ref. 7). At 2_ where there is rela-

lively little absorption in the melt (lue t<> tit,,

particular species present, there is usually a

decrease in the percentage transnfission upon
freezing. This is priJmwily due to the formation

of dendrites, cracks, and other scattering centers

in the solid. Investigation of this portion of

the spectrum can be of interest in (letermining
the stru<'ture of lIt,, solid. In particuhir, these

physical absorption centers will contribute Io

tit,, emission of [h,, solid samph,. Similarly,
in the study of liquids, an indication of polymer
formation in the melt can be obtained from

a study of s('atterin/, in the case of sulfur

dissolve<t in alkali lhio('yanates (ref. Il).

EMISSION SPECTRA

In all cases, in order to account for the

temperature dependence of absorption peak
intensities, emission phenomena must be con-

sidered. This is particularly important in the
infrared, where hv is of the same order of

magnitude as kT. We have found that there

are, in general, two types ot radiation emitted:

one corresponding to the general thermal

radiation arid, superimposed upon this, a spe-
cific emission corresponding to the intrinsic

absorption bands of the species present. Since
the general thermal radiation is a function of

mass and the presence of physical absorbing
centers, by using smooth samples about 0.1 mm

thick it is possible to obtain emission curves

which were the mirror image of the absorption
c.urve. Similar work has been reported on such

substances as Octoil and butyl phthalate with

the highest temperature reached being 175 ° ('
(ref. 12). A study of band emissivities showe<t

that the emission intensity of any band in-
creased with temperature in accordance with

the equation N=Noex, p--(E/RT). The value

of E in most cases agreed with that eah',ulated

front the wavelength of the emission band.

REFLECTION SPECTRA

Surface reflectance studies have been made

by using the reflectance cell and allowing the

salt to freeze. The reflectance of inorganic

salts has been observed to be dependent upon
the type of bonding present. Silver chloride

has [)een observed to be a very good reflector

(---50c./c in 2 15# range). This is interpreted
in t.ert,s of the multiplicity of electronic states

permissible. A study of changes in the re-
flectance l)henomena can be use(t to indicate

changes in chen,ical constitution. For example,
if small almnina spheres are added to silver

chloride, a decrease in reflectance can be

associated with tim presence of compound
formation.

When the salts are molten, rellectance from

the surface of the li(luid is relatively low. How-

ever, when the salt frt, ezes, high refle<'tion is ob-

served from the solid surface at positions corre-

sport<ling to fundamental absorption bands.
The reason for this is related to the fact thai

(lissipation o[' al)sort)(,d radiation is greater in

the liquid than in the solid lattice. These types
of reflection from a solid are known as Restrah-

lea. Tiffs phenontcno, has been used to

select the l)ositions of the fundamentals as well

as to produce relatively monochromatic radia-

tion at spe('ific wavelengths in the infrared.

CONCLUSION

In stu(lies of this nature, the factors of con-

tainer materials, sources of heat, and instru=

mentation prol)lems involved with thermal
radiation are o[' prime importance. ()nee the

container l)roblent has I)een solved, it is neces-

sary to account for the t hernml radiation. In

the visible region this can tie done by allowing

only mono('hromatic light through the sample.

In the infrared it has been a(.contplished by

<'hopping the sour('e t)eam and not the emitted
})eil, l t).

Investigations are I)eing continued to collect

further information on the melting process and
structure of liquids. Since the support of a

liquid in the pores of a screen allows mainte-

mm('e of a liquid saml)le m any position of tit('

beam, a mo(lifi('ation of this ('ell is now being

used to oblai. X-ray diffraction data a.l)ove

and below the melIing point.
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36--MEASUREMENT OF SPECTRAL NORMAL

EMITTANCE OF MATERIALS UNDER SIMU-

LATED SPACECRAFT POWERPLANT

OPERATING CONDITIONS

BY R. D. HOUSE, G..I. LYONS, AND W. H. ASKWYTH

PRATT & WHITNEY AIRCRAFT DIVISION, UNrTED AIRCRAFT CORPORATION, EAST HARTFORD, CONNECTICUT

An apparatus was designed and constructed to determine spectral normal emittance
of mat_,rials in an environment closely simulaling the vacuum of space. The apparatus
is capable of measuring spectral emittance of strtlctllral materials or coatings over a wave-
length range accounting for the major portion of t)lackbody energy at the temperature at
which these measurements are made. The method used is the same as that used by Larrabee
aml by I)eVos, in which comparison is made of the radiant intensity normal from a specimen
tube surface to that of a small "blackbody hole" drilled in the tube wall. The ratio of these
intensities, at a given wavelength, is a very close approximation to the spectral normal
ernitt._nce of the' specimen surface. A comparison of the data obtained in the apparatus
discussed in this paper to those obtained by Larrabee and by DeVos indicates close agree-
ment. Furthermore, values of total normal emittance obtained by integration of the
spectral emittance data compare very well with total hemispherical emittance data measured
directly in another apparatus at Pratt & Whitney Aircraft. Several experimental investiga-
tions were carried out to substantiate the accuracy of the data. These included evaluation
of errors introduced by scattered light from the sodium chloride window, evaluation of errors
introduced by scattered white light in the monochromator, and an estimation of the quality
of the blackbody hole in the specimen tube.

When spacecraft powerplants were first

considered, very little thermal radiation data
were awdlable for materials which could t)e

used in such powerplants. Furthermore, most
of the existing data had not been obtained in

wlcuum environments. Therefore, a (tecision

was made at Pratt & Whitney Aircraft to

construct an apparatus capable of measuring
spectral emittance under conditions which

woul(l closely simulate the vacuum of space.

At that time a stu(ly was made of the techniques

used by other experimenters for similar work.

Through consultation with Dr. Wayne B.

Nottingham, Professor of Physics at Massachu-

setts Institute of Technology, and Dr. William

L. Trousdale, Assistant Professor of Physics at

Trinity College, the decision was made to use
the method of Larrabee (ref. l) and DeVos

(ref. 2) for measuring spectr,l normal emittance.
The method of Larrabee and DeVos for

measuring speclral normal emittance is to

692-146 0--63--23

compare the radiant intensity norm_d from a

specimen tube surface to the radiant intensity

from a small blackbody hole drilled in the tube

wall. Tiffs comparison is made at a series of

discrete, narrow wavelength bands. Since both

intensities originate from essentially the same

temperature, and since the radiation from the

hole is essentially the same as that from a black-
body at the tube telnperature, the ratio of

surface intensity to blackbody hole intensity

is a close measure of the spectral norlnal

emittance of the specimen surface.

The specimens used with the apparatus de-

scribed in this paper were in the form of metal

tubes with thin non-metallic coatings on the
nletal base. The emittances obtained were

t)ased on the essentially blackbody radiation

from a cavity at the temperature of the metal

substrate. This procedure had an engineering

attwmtage for the intended application of the
data ir_ that the questions of how much tempera-
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ture drop _bez'ew++s tbro_/b the <'_mtjn_ ]nyer

_md hov," opaque the coathl_ layer was did not

require sejmrate nnswers. The d_tta, us re-

ported, give a direct nwasure of the emissive

pov<er of lhe surface ns _t flmcthm of the sul>-

strate metal temperature,

APPARATUS

General Remarks

To determine the spectral emittanee of

materials under ('.t,titi<ms which woul<t ch)sely

simulate the vu<.uum (if Slm<'e nml which wouhl

permit at'curate nn({ ment]ingful mensurements
to lie made, a test rig wns designed un(t fat>ri-

eate(t that woul<l reas(matdy sntisfy the follow-

ing t>asie requirements:

(1) Radiation leaving the surface of the speci-

men shouhl not be reflected to a signifi-

cant degree back t.o tim sl)ecimen by t.he
walls of the test. chamber.

Measurement of thermal Radiation Properties of Solids

(2) The pressure in the eh_Jnber should be
'is low as possible so that adverse effects

of the tow outer-space pressures on the

radiation properties of material surfaces
,'ould be simulated to some reasonal)le

degree. (Pressures as love as 10-" mm

[tg were at, tained with this apparatus.
All pressures at which data were t.aken

were lm_ enough t.o make the t.hermal eon-

,lu,'t,ivity of the gas negligible.)

(3) Spectral enfit.tance should be measured

ow,r :t wavelength band which would
ac,'ount for the major portion of black-

bo, iv energy at the temperature at which
the illq_tsllrellleIltS were made.

Description of Apparatus

The sl>eetral emittanee apparatus, shown ill

figure 3(_ 1, consists of a test chamber, the

equipment for evacuating it, a power supply for

®

Fi<;unF, 36 1. Spectral emittance apparatus: (1) vacuunt chaml)er, (2) recorder, (3) optical pyrometer, and

(4) speetrol)hotom_,t,,r_
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heating a test specimen in tire chamber, tile

specimen power and temperature measuring

instruments, and an infrared spectrophotometer
equipped with external optics in order to view
the specimen.

Tile test chamber is a 13-in.-long flanged tube
having a 3-in. internal diameter. "Pile inner

wall is grooved and blackened to provide a low

reflectance surface. The chamber is wrapped

with ai6-in, diameter copper tubing in order to

water-cool the walls, thereby limiting the amount

of radiation emitted directly from the walls to

tile specimen. A 2.5-kw heating element for

baking out tile chamber during the initial evac-

uation is wound over the cooling coils.

Cover plates, to cap both ends of the tube,
are bolted on, and the joints made vacuum-

tight by means of 0.020-in.-diameter gold wire

O-rings compressed between the polished flange

surfaces. The upper cover plate is equipped

with a water-cooled copper electrode assembly

to carry heating current to, and also to support,

tire specimen. In the construction of the sup-
port, provision is made for tlmrmal expansion of

the specimen. To reduce the amount of energy
specularly reflected from tile chamber wall to

tire specimen, tile support assembly positions
the specimen parallel to the vertical centerline

of the chamber, but displaced a_-in, from it.

The theoretical considerations for positioning
tile specimen off-axis are outlined in reference 3.

The water-cooled power leads, the potential
leads, and the thermocouple wires are secured in

and insulated from the top cover plate by means

of a commercial "glass" potting compound

(Pyroceram). Details of the top cover plate,
including the specimen holder, are shown in

figure 36-2. The bottom cover plate serves as

the connecting point for the evacuating system
through a 1-in. inner diameter manifold.

The entire test chamber assembly is mounted

on a milling machine table to permit tile speci-
men under test to be positioned at the focal

point of tim spectrophotometer's optical system.

A viewing port is incorporated in the side of

the chamber and consists of an optically plane,

sodium chloride window cemented with epoxy
resin to a stainless steel flange. Tile flange is

bolted and sealed with a goht O-ring to a mating
flange that is wehted to a tubular extension from

the chamber wall. This viewing port is visible
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in figure 36-3. A thin, rolling disk shutter

made of magnetic steel is installed between the
sodium chloride window and tile chamber to

prevent evaporated specimen material from

condensing on the window during those periods

when the window is not used. Such deposition
of material on the window wouht introduce an

error in the temperature measured with tile

optical pyrometer. A magnet is used to roll the

shutter aside when readings or visual observa-
tions are to be made.

The evacuating equipment used for attaining
the required low pressures consists of an oil-

sealed mechanical pum]) in ('onjmwtion with a

liquid-nitrogen cohl Irap and an ion-gettering
pump. The me('hani(.al pump, which has a

limiting pressure of 10 -amm Hg, is used during
1lake-out and the initial pump-down of the

system. To attain pressures as low as l0 -_'

mm ltg, the ion-gettering pump is used M'ter

conll)letion of the t)ake-out cycle. The (legree
of VIIA'UlnH is me_tsured wilh a Barard-All)ert

ionization gage and also t)y moniloring the
current Io the ion-gettering pump.

The spe('iJnens tested in this rig arc usuMly

in lhe form of thin-walled circular tubes ap-

proximately nine inches long and with 5- or
lO-mil wall thickness and an outer di,meler of

approxilm_tely 0.25 in. ttowever, for those
metMs whi('h couhl not t)e obtained in the form

of drawn circular tubes, triangular tulle Sl)Cci-

mens are formed t)y folding l.l-in.-widc strip
slock into isosceles triangles. A triangular

specimen formed in this manner has _t fronlal

width (|)ase) of 0.1 in., a vertex angle of approxi-
mately 14 ° and a side of 0.5 in. Since it is

diffir,ult to apply a uniform c.oating to an

irregular surface, the use of triangular tulles is

limited to the testing of uncoated metals.

A rectangular hole, 0.035 in. wide by 0.076

in. long, is cut in the wall of each specimen tube

to provide an integral blackbody radiation
source to serve as a reference standard for

spectrM emittance measurements. The hole

also permits optical pyrometer temperature

mmtsurements without requiring surfa('e emit-

tan('e corrections. The two spe(,imen configura-

tions are shown in figure 36 4. When circular
tubes are use(l, the section of the tu})e wall

directly behind the t)lar'kbody hole is tlattencd

ill such _t "¢¢_ty that _t nonnornr_tl Stll'['_t, ce is
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A. SPECIMEN EXPANSION TAKE-UP DEVICE

B. TERMINI OF INTERNAL CAVITY

C. BLACK BODY HOLE

D. FLATTENED AREA OF TUBE OPPOSITE
BLACK BODY HOLE

D B A

FIGURI_ 36-2.--Specimen and holder for spectral apparatus.

t

FmUR_ 36-3. Spcctrol)hotom('t_'r with cov<'r r_'mov(.d

(arrow shows viewin K port of vactmm chamb_'r).

presented when viewed through the hole. This

is done to ensure that the energy speeularly re-

tlected thr(mgh the hole from this portion of

the tube-w_dl immr surface emanates from other

port iotls t)t" the wall rather than from outside

the hole.

The emls of the specimen are flattened and

clamped to the upper and lower electrodes

after the (,xpansion takeup spring is compressed

by an amoum equivalent to the maximum

amotm! of thernml expansion expected. The

specime,_ is then electrically heated by its

own resistatwe to the test temperature.

The s|),,eimen temperature when 1400 ° F or

above is ttwasured t)y an optical pyrometer anti

at lower teJ_peratures by thermocouples. The

optical pyrometer is mounted on a hinged

I)racket _tttached to the viewing port of the

chamber arid views the specimen through a

plane ,,firror, as shown in figure 36-5. When
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FmvnE '36-4.- Typical circular an¢l triangular t/fi)e

Sl)ecim_qls showing 0.76 by 0.35-inch blackbody

hoh's.

not in use, the optical pyrometer an(l mirror

assembly can be swung clear of the viewing port.

The pyrometer is calibrated in place to correct

for optical losses at the sodimh chloride window
and at the mirror.

Tile outside surface area of the test: section

of the specimen is determined by using a

eathetometer to measure tim spacing between
the potential leads and a micrometer caliper to
measure the mean (liameter of a circular tube

or the strip width from which a triangular tube
is formed.

The optical system for measuring spectral

emittance is shown in figures 36-6 an(1 -7
and consists of a modifie(l Perkin-Ehner model

13-U spectrophotometcr an(I a(l(led external

optics. These external optics, used to direct
the radiant energy from the spe('imen into lhe

optical system of the spectrophotometer, con-

sist of a (fin. collecting mirror with a 24-in.

radius of curvature, labeled ,s NI-2 in figurc

36-6, and two diagonal mirrors, labeled as M-1

and M(). To maintain permanent optical

alignment, the spectrol)hotometer and external

optics are bolted 2o a specially designed optical
bench. Tim spectrophotonleter wavelength

drum has been calibrated over the wavelength

range from 0.45 to 15_ by the use of the (mils-

sion spectra of mercury, sodium, potassium,

thoriunl, and cadmium, and by use of tile

absorption spectra of water, ammonia, carbon

dioxide, and Mylar film.

Several chan_es currently being made to the

apparatus are described in the last section of

this paper.

PROCEDURE

In conducting tests in the spectral emittance

rig, the tubular specimen is mounted in the

electrode fixture of the top cover plate, and the

complete assembly is installed it, the chamber

with the blackbody hole of the specimen aligned

with the viewing port in the chamber wall. The

ev_wuatin_: process consists of two stakes.

First, by using the mechanical oil-sealed pump

with a liquid nitrogen trap, the vacuum cham-

ber, ion-gettering pump, and ionization gauge
are pumped out while the chamber is baked at

a temperature of 350 ° F to 375 ° F. This proc-
ess takes 4 hr. Then, the roughing pump is

valved off, and the ion-gettering pump is

started. A pressure of 10 -s mm Hg is attained

in approximately 4 hr. When required, leak-
detection is performed with a helium leak-
detector.

Spectral emittance data are taken with the

dual-beam spectrophotometer operated in the

ratio mode ; that is, the ratio of measuring beam

to reference beam power is directly recorded.

Three separate scans over a range of wave-

lengths are made at each specimen temperature
to establish the "100% line," the "emittanee

line," and t.t_e "zero line." The 100% line is
estat)lished with both beams viewing the radia-

tion from the integral blackbody; the emittance
line is established witih the measuring beam

viewing the radiation from the specimen surface

and the reference beaut viewing the blackbody ;
and the zero line is established with the measur-

ing beam blocked off and the reference beam

viewing the blackbo(ly. These three scans

yield tim ratios of measuring-l)eanl power to
reference beam power for each "line". From

these ratios spectral emittance is calculated at

each wavelength using the relationship.

(emittanee line ratio)--(zero line ratio)

e_.-- (100% line ratio)--(zero line ratio)

A typical record of the data obtained is shown
in figure 36-_. Discussion of the fact that the
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A

Fi(;uR_: :_6 5. lIingt_d bracket mounting of optical pyrometer in measuring position. (A) Optical pyrometer

swung away for spectral cmittanc+ + m_,a_+r(_m_J)ts.

100CYv-line ratio is not constant and of ttle reason

for application of the 100% line in the calcula-

tion of emittancc is t)rcse,lled in reference 4.

When it. is desirable to obtain total normal

emittanee, the spectral normal emittance (tat_

are integrated in the following ntanner.

Total t_or_iml emittanee may be written as

CJ)

a,=o \aT5 ] Tdk



Mlasurement of Spectral Normal Emittance Under Simu|ated Powetplant Operating Conditions

M-2

349

\
3(PAI_AT IO N

AP[RTUR($

\

FItllrRE 36-6. Schematic diagram of the optical systen_ of Perkin-Ehner model 13 U infrared spectrophotometer
adapted for measurements of spectral emittance.

Since 7' is eonstan! for each integration, equa-

tion (1) may be written

_t.= _. i t_.(,)F(,)d, (2)
• q

where v= X 7'

P:_0 (c,/_)(,) -_
F(,7)-- T _- eCJ,_l (3)

_,(,)=_, expressed as a function of ,7.

The expression

"__.(,7)F(,)d.
I

is integrated graphically over the range of r_

corresponding to the wavelength range in which
dala are obtained, _2 to X2.

The error incurred from the laek of data over

the entire wave-length range from zero to in-

finity is usually very small, and it may t)e re-

duced even further t)y estimating a correction.

For this purpose, il is assumed that (1) the spec-

tral emittanee is constant from the longest wave

length measured, (X2) to infinity, and is equal

to the spectral emittanee at the longest wave-

length measured, and that (2) the spectral emis-

sivily is constant from zero wave length to the

shortest wave length measured, (XO, and is

equal to the spectral emissivity at the shortest
wave length measured. The final equation for
total normal emittance is then

_,,=_.(.,) £'_ F(n)d.

FOT)d_ (4)

The evaluation of the first, and last terms can

be simplified by using the tables contained in

R. V. Dunkle, ASNIE Transa(,tions 76,549

(1954), where 1-'_ _F(r/)d_ is written as/¢bc0_xr)/oT;
J0

and is tabulated as a function of XT.

PRECISION

Possil)le sources of error in the results _¢(1ll{'

considered to arise either in the easurin_"

instruments, or in the st)ecimen and (,hamber.
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FIGURI_ 36-7. Spectral emittance optical systom with lnOdifiod infrared spectrophotometer.

i
Z

i,
DRUM READING_

FmURE 3(i-S. Typi(m] spv('trtq_hot, om(,ter beam i)owpr

ratio scans (portion of _av,h'ngth rang(,).

These are discussed briefly below, and in greater
detail in i'oftironce :g.

Precision of the Instrumentation Only

('(:)nsi,lerirl_" the precision of the instrunien-

tation Olily, it ",':ais estimated that the accuracy

of the spcclral eniittance values was in the

order of :_2% (RMS). This figure-of-merit is

concerned wilh the precision of the actual

re('ordir_e of the ratio of measuring beam power
to r('fPF('[I.c{' }l(_llnl power.

In ev_tluutiNg the precision of the instrumen-

{ation, _in investigation was made into the

errors ori_inaiin_ in the optical system and in

the electronic system of the spectrophotometer.

The sources of errors investigated included

scaltered light in the monoehromator, imper-

fections in the optical system before the beam-

separat inV upertures, and detector and amplifier
noise, ea,'h or which will be considered in the

ordor Iii('l'd ioiied,
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_CATTERED WHITE LIGHT IN THE MONO-

CHROMATOR

Early in the program it was observed that the

data obtained on the spectral emittance rig
when using the lead sulfide detector were

obviously erroneous in the wavelength region

between 0.67 and 1.15 _, and at a wavelength

of 2.7 _ and beyond. The same phenom-

enon was observed when using the thermo-

couple detector at wavelengths shorter than

1.15 #. The exact point of the departure from

the expected curve was a function of the tem-

perature of the specimen.

Figure 36-9 illustrates the discrepancies of
the spectral emittance values obtained with the

three different detectors. A series of experi-
ments performed to determine the cause of

these discrepancies indicated that radiation

other than monochromatic radiation was reach-

ing the detectors. The source of this interfering

radiation was scattered white light inside tire
monochromator. To minimize tile effect of

scattered light components, various optical

filters were obtained which would prevent
light in the wave bands of peak detector

response from entering the monochromator.

Scattering of light at other wavelengths had

an insignificant effect on the values of spectral

emittance. A blue-green glass filter, Corning

no. 4303, was used in conjunction with the

lead sulfide detector, and a water-filled glass
filter, _{ in. thick, was used for both the lead

sulfide and thernmcouple detectors. Further

testing with and without the filters indicated

that the filters effectively eliminated the dis-

crepancies in the emittance values.
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WAVELENGTH _,,/.¢

Yr(;_,P,E 36-!). Comparison of spectral [_mittanc(, data

obtain(,d with photomultipli[_r, h_ad sulfid(,, and ti_(,r-

mocoul)le (h4['ctor_.

IMPERFECTIONS IN THE OPTICAL SYSTEM

hnperfections in the optical system, before
the beam-separation apertures, would produce

beam intermixing, thereby introducing an error

in the spectral emittance measurements ob-

tained. The intermixing of the beams could be

caused by improper positioning of the specimen

with respect to the optical system so that the
beams emanated from other than the desired

areas. This was eliminated by careful optical

alignment prior to each run.

Tile intermixing could also result from ac-
cumulated aberrations of two of the five re-

flecting elements before the beam-separation
apertures (fig. 36-6). The most notable aber-

rations were astigmatism of the 6-in. collecting
mirror, M-2, which was operated off-axis, and

astignmtism, as well as spherical aberration, of

tire spherical mirror, M-l, which is operated

both off-axis and with magnification. The
thick viewing window in the vacuum chamber

also may introduce spherical aberration. This

astigmatism and spherical aberration was over-

come by providing a blackbody hole of sufficient

size so that the sampling area within the black-

body was well removed from the hole boundary

and, in addition, by selecting the location of the

sampling area on the surface so that it was

sufficiently removed from the blackbody hole.

A third cause for intermixing of the beams

could be scattered light resulting from surface
imperfections, as well as foreign material, on

the vacuum chamber window, and the five

reflecting surfaces before the beam-separating

apertures.

Since the error due to scattered light could

not be eliminated, it was necessary either to

compensate for it or to show it to be insignifi-

cant. Experiments were conducted to deter-
mine tire regions of the specimen from which

the light that became scattered originated, and

to ascertain the percentage of surface energy

which was scattered into the blackbody beam

during actual elnittance measurements. The

test results showed that the errors caused by

tire presence of aberrant and scattered light

could be neglected by reason of the size of

blackbody hole used, if the salt window was in

good optical condition.
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DETECTOR AND AMPLIFIEI{ NOISE

I)ete('tors and amplifier noise was foun<t not
to be a prot>len_ with the signal levels available

when using the subject instruments.

Errors Due to Specimen Configuration and
Chamber Design

Sources of error ([ue to s[)eein/en configuration
and chaml)er design were considered separately
from the instrumentation. Three such sources

of error which were considered and evaluated

are discusse(t briefly below.

REFLECTED POWEI¢, I_VITHIN" Till,; CHAMBER

One source of error was reflected power

within the chanlber, sueh as the power emitte<t

from the specimtm and reflected, first, by the

chamber walls, then from the specimen, an<t

flintily into the "surface beam" entering the
speetrophotometer. This was found to be in-

signifi('ant, provided that the walls of the

chamber ha(t high absorl>tance , and provided

that the sami)le was positioned away from the
vertical centerline of the chamber.

TI_:MPEICA'rUt_,E DIFI,'EI_EX'(q,; BETWEEX" SUIt.-

FACE AND BLACKBOI)Y

The (lifference between the surface tempera-

lure and the internal temperature of the

blackl)o(ly was ('onsidered t)3, defining the meas-

ured results as "effective emittance", a value
which was (lesired for heat transfer calculations.

NONBLACKN'ESS OF BLACK]_ODY I-tOLE

The hole in the specimen fell short of
behaving as an ideal t)lackl_odv. This depar-

ture from an emittance of unity couhl t>e due to
either or both of two factors. The hole area

might not be negligibly small in comparison to

the internal area of the cavity, resulting in the

hole having an emittanee less than 1.0 if the

internal cavity was at a uniform temperature.
By using the analytical method of DeVos

(ref. 4), the quality of the blackbody radiation

was estimated to be no less than 97.5%.
A second factor couhl be that the effective

temperature of the h<)le might not necessarily

be the same as thai ,ff Ihe nearby surface

because the heatin_ of the tube was not neces-

sarily uniform. The n(,nunif(>rm heating re-
suited t)nth from n(munif()rm wall thickness

and from nonuniform current density attribut-

able t<> the presence of tim hole. As regards

the latter etfe<'t, the hole caused the current

density t- be less than normal at both ends of

the hole (near the centerline), and greater than

normal near all four corners of the hole, as well

as along its tw() sides. This phenomenon was

particularly evident during the testing of a

high-endltan<'e coating on a stainless steel tube.

Previous |ests e(mducted on tubular spec-
imens made -f substrate metals with higher
thermal ,'ondu,'tivities did not have sufficient

temperature perturbation in the vicinity of the

blackb<,dy [,,]e to be detected visually. How-

ever, the (,hservation during the testing of the

stainless steel tube raised the questi<m of the
effect of local temperature perturbation on the

quality of tim blackbody, and therefore, (m the
accuracy ,,f the emittance data obtained.

The <tuahty, or more correctly effective

emittance. _,f the standard blaekb()dy hole was

evaluate(t by comparing the apparent surface

emittam'e adjncent to lhe 0.035-in. by 0.070-in.

bla<,kt)(,dy user[ in the regular elnittance
measurements, with the surface emittance near

two 0.0 ls-in.-diameler, "ideal," blackbody holes

h)eated a ppr.ximately 0.75 in. above and below
the star,lard hole. By using single-beam

optics and extremely accurate alignment, it

was l)_)ssible I() use the 0.01S-in. holes for this
cheek, although it was not practical to use these

small hole_ f,w r(mt.i,m measurements mnploying

the dunl-beam optics. The effective emittance
of the st:mdard blackbody hole was determined
as the ratio of the true to the indicated surface

emittanee, where the true emittance of the
surface was taken as that measured at the

0.01s-in. holes. The effective emittance of the

standard blackbody hole then becomes

Ixh

exh_--l _g T_) (5)

where 1_,, (7',) is the intensity of an ideal

bhtckl)ody '_l temperature T_, the temperature

of the nenrl)y surface spot and Ixh is the actual

intensity of the standard hole. Igor a surfa('e

Sl)-t near lhe ideal hole the true spectral
n<,rmal et,itlance is:
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Substituting Ix_ (T,) from (6) into (5)

_,.(T,)I_
_-- I_(T,)

where

_x_ true spectral normal emittanee of the sur-
face, which is that measured at the

small ideal blackbody boles at tempera-
ture (T,)

Ixh radiation intensity from tile standard

blackbody bole.

Ix_ radiation intensity from the specimen sur-

face near tile standard blackbody hole.

These experiments were carried out on both

stainless-steel and eolumbium tubes. High-
contrast photographs of these tubes heated to

1600°F are shown in figures 36-10 and-11.

It may be noted that temperature perturbation

was much less severe in the vicinity of the

standard blackbody hole in the case of the

columbium tube. Temperature perturbation

was negligible for both tubes in the vicinity of
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the small (0.018-in.) holes. The temperature
along the length of the eolumbium tube was

not uniform, apparently due to a taper in the

tube wall thickness. As a result of this, the

experimental evaluation of the quality of the
blackbody hole in the eolumbium tube was of

questionable value, as indicated by the lack of
agreement between the surface emittance meas-

ured near the two small holes. However,
lack of temperature perturbation at the hole

made the DeVos calculation applicable. In
the case of tile stainless-steel tube coated with

chromium black, the surface emittances meas-

ured at the small holes agreed within 0.1%;

therefore, the experimental values of the quality
of the standard blackbody hole were considered

accurate. The fact that these experimental
values were greater than 1.00 (1.04 at 0.6 _ and

1.012 at 2.0 _) was undoubtedly referable to

the significant temperature perturbation in the

region of that hole. This investigation demon-

strated the desirability of using specimen tubes

FIGURE 36-10.--Columbium tube with vapor-blasted surface.

FI(_UR_: :i6-11. Stainless steel tube with chromium black coating.
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with high thermal conductance and the neces-

sity of having tubes of uniform wall thickness.

RESULTS AND DISCUSSION

Several materials, including coatings and

refractory metals, were tested in the spectral

emittance rig. Tungsten was chosen as the

most suitable one for checking the validity of

the data because of the awdlability of reliable

spectral emittance data for comparison. A

wedge-shaped specimen was made of tungsten

and used for this purpose.

Exact agreement between the published dat_

and those obtained with this apparatus was not

anticipated since emittance is a property of the

specimen surface as well as of the material from

which the specimen is made. ttowever, results

obtained during the ('heckout running agreed

well with the previous data of lhe other experi-
menters. As shown in figure 36-12, measure-

ments of spectral normal cmittance were taken

at temperatures of 1700 °, 2110 °,and 3090 °F

in the wavelength region betwern 0.5 and 12.0#.

In comparing the results of this testing with

the results obtained, by DeVos (ref. i) and

Larrabee (ref. 2), it was noted that all of

the data showed the spectral emittance to de-

crease with increasing temperature in the visible

wavelength range, and to increase with in-

creasing temperature in the infrared wavelength

range. The node at which the constant-tem-

perature lines of spectral emittance cross was

noted at approximately the same wave length

as shown by DeVos. Figure 36-13 compares
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the resuhs obtained by l_arrabee and DeVos to

those o[){airwd in the present, work in the visible

wavelength region.
Values of total normal emittance were ob-

tained by integrating the spectral emittarice

data t)y the procedure outlined. These values

compare very well with total emittance values

obtained directly in another apparatus at

Pratt. & Whitney Aircraft.

Rig Modifications in Progress

Sevcral changes are currently being made to

improve the accuracy of the apparatus and to

sitnplify the lest procedure:

(1) The spherical collecting mirror, M-2,

has been replaced with a specially designed oif-
axis ellipsoidal mirror. The new mirror elimi-

nates asli/matism previously encountered due

to off-axis .peration and thus provides better

resolution of the two beams. It is of larger

size (S in.) than the old one (6 in.) but of the

same focal length. The larger collecting surface
permits greater flexibility of data taking (small-

er blackb,dy hole, lower operating temperature

for a given wavelength, or a smaller wavelength

band for a given temperature) due t() the

increased energy available for a given set of
conditions.

(2) The melhod of separating the two beams

by means ()f half-height beam separating

mirrors, h,_s t)een changed. The beams will

he separated by a two-hole aperture located

at the prime focus of the large collecting mirror,

M-2. 'l'w_) plane diagonal mirrors will then he
used t() reflect the beams, in slightly different

(lire('tions, to the small spherical mirror, M-1.
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The sample surface beam leavin_z mirror M-I

will be intercepted by a half-width mirror

(replacing the existing NI2). The bla(,kbody

beam leaving mirror Nil will pass tile half-

width mirror and will be intercepted by mirror

NI:L The reconlbining oplies will renlain

essentially the saTne.

(:_) As a result of the increase(t amount of

energy collected with the large mirror, emit-

tance samples for future testing will have a

smaller blackbody hole. This will improve

the quality of the blackbody hole.

(4) A new vacuum-chamber cover and sam-

ple-holder assembly, which will pertHit easier

alignment of the specimen with reference to

the optical systeH1, has been constructed.
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Tile purpose of this study was to determine

the total normal emittance at different temper-
atures of several materials used in the Enrico

Fermi nuclear reactor presently under construc-
tion in Monroe, Michigan. These materials

are 304 stainless steel, A-7 carbon steel, and

boratetl graphite. The surfaces of these ma-

terials exhibit a wide range in degree of (non-
uniform) oxidation.

THEORY

Emittanee may be defined as the ratio of

radiation emitted from a sample surface to that

entitled from an ideal radiator or blackbody,

both having exactly the same geometrical and

temperature conditions. (The emittance of a
blaekt)ody is by definition 1.) Total emittanee

implies that radiation of all wavelengths is
beinl_ considered, and normal emittanee implies

that the observation point for detecting the
emilted radiation is on an axis normal to the

radiating surface. According to the Stefan-

Boltzmann law the amount of power per unit

area emilte(I from a material is given t)v the

relationship
W: _a7 '4

where W is the radiant tlux density at the sur-
face, _ is the emittanee, (7 is tile Stefan-Boltz-

mann constant, and Tis the absolute tempera-
lure in degrees Kelvin (° K).

The radiant flux density at the surf'aee from

a bla('kbody is given by

_'b= a ]_ 4 (1)

The radiant flux density at the surface of a

sample material is

W_ = _,,_rT? (2)

Expressions (1) and (2) can be used to solve

for t,_ in two ways: T can be made equal to

To, the equal temperature method; and IV, cab

be equaled to W_, Ill(' equal ttux method. In
the equal-temperature method the emittanee is

finally expressed as

W,

while in the equal flux method, it, becomes

__(Tq'
_--\T",J (4)

At, frst glance ii appears as though determi-

nation of the emittanee of a material is an easy

lask; the experiment is simply arranged so that

either the temperatures or radiant ttuxes are

equal and the ratio of the other quant, ilies are

then determined. But the experimenter is irou-

bh,d immediately by two prol)lems: radiation
absorption by the atmosphere and the radiant

flux of the environment. The al)sorption by
the atmosphere is a highly complicated fun(qion

of wavelength and this makes any analytical

treatment of it very difficult--if not impossible.

Radiation from the surroundings can be ac-

counted for t)oth experimentally and theoreti-

cally. The equal temperature method is used.

A radiometer prodtwes an electrical sigmd

which is dependent on the level of radiation

incident upon the sensing element. In a

wt(_UUln the expression for the linear region of

response is given by

V,=aW_+b (5)

or if expressed as a function of temperature

V_ =ae_aT3 + b (6)

where V, is the ele('trieal signal generated, a is
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a proportionality constant, and b is tile electrical

signal induced by the radiant flux from the

environment. A plot of this expression (V_

against 7 '4) is, of course, a straight line with an

intercept at b oil ihe V_ coordinate. Emittance
can then be (tetermined by first measuring the

flux from the samt)le and then that from the

reference blackbody. Plots of V_ against 7 '4

for the sample, and I'_ against 7'_4 are obtained,

and effective signal voltages V/ and V/ can

be found, where I_' is defined as

V/ =V_--b=a_aT/ (7)
Similarly,

V_'--Vb-b=aaTd (S)

Then by taking the ratio of equations (7) and

(s)
V/ a_,,_T/ (T,)'
Vo'- a_T2 -- _ \Td

By finding 17,' and I7/at the same temperature
(i.e., T,= T_) the solution for the emittance of

the sample is
V,'

_'=W/ (9)

In this discussion it was assumed that the

emittance is not: a function of wavelength.

Also, it was assumed that the atmosphere did
not affect the measurements. Both of these

assmnptions must be investigated. The at-

mosphere may be taken in account as follows:

Let r (T) represent the pert'enrage transmission

of total blackbody energy as a function of

blackbody temperature. Since a greybody

has the same spectral shape as a blackbody but

different absolute amplitude, r (T) also repre-

sents the percentage of absorbed greybody

radiation as a function of greybody temperature.
With this in mind one can then determine _

from in-atmosphere measurements.

V,' and VJ now become

V/=ar(T)_wT'/ (10)
and

V/=ar( T)(_ Tb+ (lI)

and again the ratio of equations (10) and (11) is

V/ aT (T) aT_ 4 _' \Td

Therefore, r (T) cancels from the equation, and,

with the equal-temperatm'e method, _ has the

same expression as in a vacuum (eq. 9). Care-

ful consider_ttion of spectral dependence of

atmospheric absorption indicates that the

equal-energy lechnique wouhl lea(I to erroneous
results since in this method the reference

t)la('kbody _nd sample are at different tempera-
lures; i.e., r (7'1) in the numerator is different

from r ()",_, in the denominator, where 711

=sample lemperature anti T2=blackbody

temperal ure.

EXPERIMENTAL PROCEDURE

The steps of the experiment can be outlined
as follows:

1. Determine if the samples are greybody
radi_ tors.

2. Obtain tile relationship between signal

voltt_g_ , and temperature for all sample

types; do the same for a reference black-

body.

3. l_cduce the data to effective signal voltage

and compute the emittance.

The following is a more detailed description

of these steps.

Greybody Identification

The timt step is to determine whether the

samples have an emittance that does not

change appreciably with wavelength over the

spectral region considered and in the tempera-

ture range of interest. This is a relatively

straightforw_Lrd problem in sl)ectroscopy and

does uot require an absolute measurement of
power. To ;u:complish this, a double-pass,

double-prism, l,eiss monochromator with sodi-

um chh)ride prisms was used along with the

necessary electronics (Perkin-Ehner preampli-

tier, tilter circuits, and thermopile) to observe
the mo_m('lwomatic radiant emittance from 1

to 12 **, of the samples at three temperatures,

593 ° K, 753 ° K _tnd 923 ° K. The resulting

spectral distribution of flux was compared with

tile spectral distribution of flux from a reference

blackbody a! the same three temperatures.

The t)e_lk of lhe blackbody and sample curves
are normalized to unity, and the curve contours

are ('omp_m_d. If the samples are greybody

radiators the envelopes of the spectral distribu-

tion of ttux curves should be congruent with the

corresponding blackbody curves. This was
indee(l found to be the case.

The experinlental setup used in performing

this me_tsurement is shown in figure 37-1.

Figure 37 2 is a block diagram of the same
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experiment. The wavelength dependence of

tile radiant flux from one sample at 923 ° K

along with the radiant flux spectra from the

reference t)lackhody at the same temperature

is given in figures 37-3 and 37-4. The black-

FI(;URE 37 1. Equil)m,_nt sctnp for monochromatic

studies.

Z

¢v

J J J
I0 11 12

PRISM SETTING OF MONOCHROMATOR

FIGVRE 37-3.--Spectral flux distribution of 650 ° C blackbody.

body curve differs somewhat from the corres-

ponding sample curve in some regions because

the measurements were made on different days,

and the atmospheric absorption bands change
in intensity depending on the ambient temper-

ature, pressure, and relative amount of atmos-

pheric constituents. However, there is little

dnubt from observing the data that the samples

are greybody emitters.

Monochromator

Ther mocouple Leads

Eleclrlcal

Stgnal Output " P " t Reference ]

L MecKaalca Chopper _Ice _th J

FI(;URE 37-2. Block diagram for monochromatic

stu¢ti,,s.
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FIGURE 37 "t. Spectral flux distribution of A-7 carbon _te d at 650 ° C (slightly pitted).
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Relationship Between Signal Voltage and Tem-
perature

Next, it is necessary to establish a comparison
n/easurmnent of the ratio of fluxes from the

samples and an adjustable blackbody, avoiding

an absolute measurement of power. To do

this a Barnes radiometer is set up and its field

of view carefully measured. Then the sample

and a blackbody are phwed behind a pair of
i(hmtJ('al baftles, whirb li_, Ol) an axis at right

angles to the radion|et(q" opti('al axis (fig. 37 5

and 37 6). The optical romponents are then

ahgned (mrefully so ttm/ lhe blackbody or the

san,pie appears in the santo place in the field

depending on the position of the switching
mirror. The path lengths from the s_lnlple to

the ra(tiomet(,r _lt_(t from tim bluckbo(ty to the
radiometer are the same.

A Barn('s R 4 radiometer (ref. 1), shown in

tigur(, :_," I is used to provide a sigmfl voltage

depe.(h,nt upon ir,'adiance level. This radi-

ometre" ('._t)loys 4-in. (?nssegrainian optics with

a (I.3 by (_.:_-_)lr_l thern_istor dete('tor. ]t is

assui,,(,(t thai the detector has a flat spectral

response _ and that the front-surface _firror

optics (to little to distort the spectra/ ('harart.er

of the irwidenl radiation. The optical system

is (]esi,_m,d to provide some degree of variabh_

focusing fr.li_ intinity to 25 ft although this is

not .llo_eti.?r possible with a ('assegrninian

systel.. I",w a forus setting ()[' 25 ft tit(, field
of view of 1}.' radiometer, 25 ft from the sens-

ing head, is determined by scanning in three

IThis imtflies thal the detector provides a colls(allt

Olli])llL voi_:_t_o reg:_r(th,ss of the spectral content of the

radial ion as l,)hg "_s lhe irradiants is constant.
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]fIGURE 37-5.--Emittance experimental setup.
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FIGURe; 37 6.---Block diagram of experimental setup.
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of rotation lying along the front surface. The

mirror assembly is mounted on an aluminum
table. Two water-cooled baffles are mounted

on tile switching assembly. The balttes are

cut from 2-in. by 1.5-in. copper waveguide

and cot)per conical sections (1 mm thick) are

inserted in the baffles. The largest diameter
of tim cone is 25 mm and the smallest diameter

is 3 toni. The axes, defined by the two cones,

are aligned (,'ollinear) and intersect the switch-

ing mirror at the axis of rotation (fig. 37 6).
With lhis :trrangement the radiometer field
of view lies on the 1-in. cone. The cone is

cooh,d l,J lap-water temperature. The radi-
ometer observ,'s a 3-ram diameter circle on the

sample emitting surface, and tile same area of

the blackbody emitting surface, as well as some

of the cold })Mile (fig. 37-9). A theodolite is

used to align the system optically.
Heated
Sample

_"-CopperA map is made in this manner Water-Cooled

FmraE 37-7. - l/adionwt,,r and mount assem|)ly,

dimensions a w_riable slit illuminated by

Nernst glower.

to show the responsitivity of the system as a

function of spalial l)osilion of the source. Equal

relative response lines in the plane 25 ft, from
the radiometer are eon('entrie squares which

are somewhat distorte<t. The one-half-power

points of relative resl>onse form a square 2 e,n

on a side, and for all practical purposes the

zero-relative-response points form a S(luare 2.5
cm on a side.

A rigidly mounted swilehing mirror (fig.

37-S) facilitates switching the field of view of

the radiometer from the sample to the refer-
ence blackbody. The mirror is n 3-in. front-
surfaced aluminized reih,,'tor with the ,txis

Fl,;uR}; 37-S. ,'-;witchi_J_ mirror assembly.

Baffle Cone

l:J_;uIo,; 37 9 I)iagrain of what the rttdiom,,t('r "s,,.,."

The blm'kbo(ty is positioned be]find one
batfh,, and the sample with its associated IIF

furna(',, is positione(l behind the other t)attle.

A tlwrmoe,)uple is alla('he([ to the sample sur-

face by Sl)Ol welding, and its reference junction

is placed i,_ an ice bath. A thermoeouple is

also provided with the IR! model 10l I_la<'kbo<ly

to mouilor its temperature. The reference

junction is t)laced in the same ice bath as the

s_m_fll(, referer_ce junction.
With ,,l Variae eonnected to the electrical

power source of the RF furnace, the tempera-

ture of the sample surface can be controlled.

.qimuh_tn_,<)usly t,he blackbody an<t sample are

raised in temperature while the radiometer is

pointed th'st at one and then at tile other by

the switchin,_, mirror. The signal out of the

radiometer is note(t for tile sample and black-
body ns a function of their temperature.

Fia'ure :_7-10 is an example of tile data whi('h

(lepicis ihe radiometer signal as a function of
[emperalure for 304 stainless steel an([ the

bhwkho,ly
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FI(_Car: 37-10.---304 stainless steel (untreated but slightly pitted) run 2.

Reduction of Data

For each sample run the value of the constant

b of equations (7) and (_) is measured. This
is necessary since it takes about 2 tiours to

make an experimental run and conceivably the

tap-water temperature and consequently the
baffle temperature will change from run to run.

The value of b is obtained by placing a metal

plate which had been cooled to liquid nitrogen
temperature (77 ° K) behind the baffle and

measuring the signal output from the radiom-

eter. With this value of b, 1/.,' and V( can be

computed from equations (7) and (8). With

these values of V/and Vb' and equation (9) the

emittance is calculated for the temperatures

between 600° K and 950 ° K in 25 ° K steps. The

data, emittance versus temperature for 304

stainless stoel, are shown in figure 37-11.

ESTIMATE OF EXPERIMENTAL ERROR

Taking relative rather than absolute measure-

ments, the total error is kept at a minimum, but

there were difficulties in accurately determining
the values of V, T and b for the final calculations

of e.,. These parameters enter into the problem
in the following way:

V,=aar_T,4 +b_ (12)

and

V_=aaT2e_Tb4 + b2 (13)

o

• o o

o o

o oo

6O0 650 70_ 750 8OO 85O _o 950

TEMPERATURE ('K}

FI(;URE 37-11 .--- Emittance vs. temperature- 304 stain-

h_ss stoel (utltr,,ated-slightly corroded), runs I

and 2.
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Tile emittanee is obtained }>y solving for _,.

r_ \L/ V,,--b_ , _b (14)

where r, is the per('e1_tage trans_Jlission 1)y tile

optical path in front of the s_uuple, similarly

r_ is for the path it_ frol_t of the bla('kbo<ly, bl is
the wdue of V_ when the s_l_/pl(' is at 0 ° K, and

b2 is (he wdue of I'b when the t)]_l('ld)o([y is 0 ° K.

A good apl)roxinJalion to the fractional error

in emissivity is

/sL 57',\
5,._ 5ra 5r, i_4__T___()_+_

_'S T'2 TI

/x,b4__ (l/,-- b,) A (V_--b2) (15)

The constants b, and b: may be expressed as

b, = aorta, T? ÷ (l',_'( L/-- L/)
and

b== aar2e2 7__-+-a 'ad ( TH 4- TD 4)

where E, and _: are the enfittances of the baffles;

T_ and Ta are the temper_ttures of the baffles;

TH and TD are the temperatures of the radiom-

eter hea(l and the detector, respectively; d is
the effective etnittanee; _md a' is the geometric
coi)slant inside the radi,>meter. When the

system is thern,ostatic, 7)_--7'+_ anti the last
tern_ of equation (16) is zero. Then

b_=ao-T,_ 7;4 (! O)
and

b,2=aar,e+2 T/ (17)

Since the baffleshave been coated with the

same fiatbhtck enamel, _,:=+2,and since tap

water flows through both baffles at a rapid rate,

7'1----7'.,. Then it can 1)e justifial)ly stated that

b_= b2, and the only error in measurement would

be in the accuracy of determining the associated

signal voltage.
Since b and V are determined in the same

manner, V' can be substituted for V--b in

equation (15), and

Measurement of Thermal Radiation Properties of Solids

4 , <, ,<

(18)

It can }>e sai,[ t}h'tt r:=r_ at. equal ten)peralures

(T_ and T_) be('ause the optical l)aths are

nearly th(. same. With the null met.ho<l of

(]elern_ining I',, V_ and b, the uncerlainty is
the s_l,t(, for each [i.e., A(l_--b)--A(t_--b)=

kl/[. Th(,ref,>re, equation (17) becomes

-X':I',--An AV / 1 1,\ /Xeo
Zx,.,.. 4 ---T ÷ L}:--i.;)+_ (19)

The irdividual t.erms in this expression are

-jc = 0.005

AT,
T 0.01

1 1

z_V v;-v;=O.O2

A_b

-0.001
%

This an_dysis shows that the maximum error
is less lhan .',%.

The value of AT_/T was obtained from the
tnanufa('turc_> manual as a realistic error when

using a ikttinum-platinum rhodium thermo-

couple i_) lhis temperature range. The error
in _ _as ,)})tained from the same manual.

The value of aT, IT was estimated on the

following tmses: It is possible to have severe

temperature vradients across tile 3-mn_ (tian_-

eter san_t>le se('tion that the radiometer was

viewing. I{ w_s assumed, however, that these

gradients were small (less than l0 ° K at 1000 °

K), sin(.c moving the sample around caused no

significant changes in radiometer signal. The

radiometer is capable of detecting at least 2 ° K

temperalurc changes on the sample surface.

The fractional error in deternfining the value

of signal voltage was estimated as 0.03.
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38--THE TOTAL HEMISPHERICAL EMITTANCE

OF PLATINUM, COLUMBIUM-I ZIRCO-

NIUM, AND POLISHED AND OXIDIZED
INOR-8 IN THE RANGE 100 ° TO 1200 ° C

BY D. L, McELROY AND T. G. KOLLIE

OAK RIDGE NATIONAL LABORATORY. OAK RIDGE, TENNESSEE _

Equipment was developed for measuring the temperature dependence of the total hemi-
spherical emittance (El:T) of metal and alloy strips to 1200°C using direct heating in a
constant-temperature, blackbody vacuum chamber. Precise specimen dimensions and
thermoeouple positioning are requisite to the method and the techniques developed to
accomplish these are described. If the systematic errors of this equipment are evaluated,
the Et measurement accuracy is ±2.7%'md the reproducibility is ±0.5%. Experimental
measurements on platinum (Pt), eolumt)ium-l% zirconium (Cb-l% Zr), and Inor-8
strips illustrated (_ffects which cause changes in El. Incret_sed Et:T occurred with increasing
surface roughness and oxidation. Results "tre presented which show lhe effects of specimen
reaction with th(, measuring tmvironment and specimen-oxide reactions. The eh'ctrical
resistivity of the specimen was obtained from the d'_ta taken in 'm Et determination. A
change in the eh'ctrical resistiv(dty of Inor 8 occurs between 400 ° and 600 ° C and is accom-
panied by a corresponding change in Et:T. Finally, the applicability of the method for
determining E t:T on a cylindrical specimen was demonstrated.

The process of radiant heat transfer is of

extreme importance in the control of heat flow
in high-temperature operations. The total

hemispherical emittance (E,) of the emitting

material is a measure of its ability to dissipate

heat by radiation ,rod relates the rate of heat

transfer to the product of the Stefan-goltznmnn

constant and the fourth power of its tempera-

ture. Interest in this property arose over the

possibility of altering the amount of radiant

energy emitted by several components of the

Molten Salt Reactor Experiment (nuclear) by
controlling the surface properties Of lnor-8

within the limits of existing metallurgical spe-
cifications. Thus, this research was primarily

concerned with (|eveloping equipment and

techniques to yield data on the telnperature

(|ependence of E c for engineering (lesign usage.

The technique selected for measuring this
physical property was a modification of tim hot-

i Op(_rated for tim U.S. Atomic Energy Commission
by the Union Carbide Corporation.

filament lnethod used by Worthing (ref. 1) which

employs a specimen strip heated by an external

power source in a constant-temnpentture, black-

body wmuum chamber. The method requires
a tneasurement of the specimen temperature

and the power dissipated in the specimen.

These data are used with a steady-state heat

balance to calculate Et of the specimen by the

equation

V.I
E, = Aa (Ts 4 -- T:) ( 1)

where A is the surface area of the specimen be-

tween the voltage taps, a is the Stefan-Boltz-

mann constant, T, is the average specimen

temperature, T_ is the average blackbody

vacuum chamber temperature, and V.I is the

electrical power dissipated over the test. see-

tion. Specimen heat gains or losses considered

in ot)taining this equation are the t)ower genera-

tion in the specimen, tim radiant: energy incident

upon the specimen, and the radiant energy

365



366 Measurement of Thermal Radiation Properties of Solids

emitted by the specimen. Specimen heat gains
or losses which are neglected include all the

reflected r_tdiant energy, the he,,_t loss by atmos-

pheric convection and conduction, the heat

h)ss by conduction to the input electrodes, and

the heat loss by c(mduction through the thermo-

couple leads. Modificalions of this method
have been described by Riehinond and Hnrrison

(ref. 2); Abbott., Alwm_s, nnd Parker (ref. ;{);

Dotson (ref. 4); Bradley and Entwistle (ref. 5);

Davisson and Weeks (ref. 6); and Forsythe anti

Watson (rcf. 7). These investigators enq)loye(l

different types of specimens, power sources, and

temperature sensors to determine the requisite

data for calcuhdion of E_:'l' of polished, co,fred,

and oxidized metals _md alh)ys. Salient fea-

tures of these studies are ('ompared in "Fable

38 I. Two noteworthy features of these stu(ties
inclu(le the use of two specimen lengths by

Bradley and Entwistle (ref. 5) to evaluate the

heat loss from the ends of their sample and the

formula modification of Abbott, Alvares, and

Parker (ref. 3) to account for the power ah-

sorbed by the strip from its surrounding, i.e.,

V.I
E,- Aal T¢-- ( TJT,)_nT2] (2)

Equation (2) is superior to equation (1) t)e-

cause a first-order approximation, (TdT_)ll",

is included for the specimen absorptance/

emittance, which is incorrectly set equal to unity
in equation (1). For this reason equation (2)

was used to calculate E, in the present study.

In addition, the specimen electrical resistivity

was calculated from the current flowing in the

specimen, the voltage drop along the st)ecimen,

and the specimen dimensions.

DETAILED DESCRIPTION OF COMPONENTS

Specimen

The specimen w_s machined in the form of
a sheet tensile-test specimen. The ends of the

10g-in.-long specimen were 1-in. wide and con-

tained ¼-in. holes for power lead attachment

and vertical suspension. The central 6-in.

portion of the specimen was machined and

polishe(t to a width of 0.200:k0.0001 in. and a
thickness of 0.010 ± 0.0001 in. These tolerances

were not used in the initial studies, but were

later adopted to achieve uniform specimen

temperatures. The first specimens were pro-

duced I,v coht rolling and filing to a uniform

web thickness. A hand-polishing technique was
used on _he initial specimens, which included

rough finishing through 4-p metallographic

paper, polishing with Linde A and B alumina,

and a final I)olishing with diamond paste. The

resulting specimen bad a surface finish ap-

proaching that of a finished metallographic
specimen prior to etching. Since this experi-

tnent is parlicularly sensitive to the specimen

surface condition, it, is important to specify in

detail the preparation procedure. Methods to

categorize the surface are being studied.

Temperature Measurement System

A primary measurement in this method is

the specimen temperature. For this purpose

0.005-in.-(liam l)tg_llhj0/Pt thermoeouples were
chosen. This noble metal combination was

selected for the following reasons: (1) thermo-

couples made from given spools of Pt and

Ptg_)Rh., wirf, exhibit the maximum reproduci-

bility ot)taimd)lc among the commonly avail-

ahle types of thermocouples; (2) the thermal

EMF/temperature relation of this combination

is known better in the temperature range of
interest than that of any other coInbination;

and (:_ this combination is applicable over the

desired temperature range and operating en-

vironmeat of this apparatus.

After the specimen was polished, five Pt_-

Rh_0/Pt thermocouples were attached along its

central section. Using a stereomicroscope the
specimen was marked at 1-cm intervals and the

individual theremocouple wires were welded to
the specimen with a modified tweezer welder.

The hot junction was made through the speci-

men an(t the ends of the wires were separated
laterally by ahout five wire diameters. The

3-in.-long thermocouple wires were welded to

other t'tg_dlhH)and Pt wires when the specimen

was placed in the apparatus. The thermo-

('ouph, s extended through vacuum seals made
from !.._-in drilled-out bolts, epoxy resin, and

O-rings to an ice-bath cold junction where

twist junctions were made to pure copper wires.

Thermo('o_q>le readout was effected by ]_eeds &

Northrupp thermal-free switches and an 1, & N

type K ?, potentiometer. Thermal-free solder
was us_d on all switch connections and the

swit('he._ were insulated with vermiculite t,o

reduce Ihernial EMSF.
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The Pt.9oRt_,, wires also serve as voltage taps

on the specimen, so their position on the sped-

men determines the length of the test seciion.

Their locations were aecur_ttely determined by

means of a calibrated fibu' eyepiece. The point

of contact of a wire (m the specimen was

arbitrarily assigned as the ccnter of each wire.

Measurements on a giwm sl)eeimen by dif-

ferent persons gave length variations of less

than ± 10 filar units (_0,1)()2 in.), which <'orre-

spends to about ±)_ of ,'t wire diameter. Assign-
,nent of the center of a tlattene(t 0.005-in. wire

is responsible for this variation. A four-

pronged knifeblade resist an<'e calibration meas-
urement eouhl reduce this error.

Specimen Power System

The specimen was directly heated by direct-

current power from a magnet.ie-regulated,

transistorized direct-current power supply

(Electronics Research Associates, Inc., model

36-12M) which has _0.05% load regubttion

and _0.005% rms ripple. The specimen

current was determined fi'om the voltage drop
across a 0.01-ohm 1, & N standard resistor,

model 4222, in series with the specimen. The

voltage drop along the specimen was deter-

mined by means of the tiv(, 0.005-in. l)t90Rhlo

wires. MI measurements were made using the

K-3 potentiometer. The specimen power input
electrodes were two _-in.-diameter copper

rods, Aquadag-('oated, which were sealed by

O-rings to the chamber tmse t)late. A weighted,

flexible cable served as the bottom and top

connections to the specimen. This allowed for

expansion and contraction of the specimen on

heating and cooling. A special four-pole

mercury-contact switch allowed the current

direction in the specimen to be reversed.

Specimen Chamber

The speeilnen ehatnb(,r WaS _L 14-in.-ID, 30-

in.-tall brass cylinder which was sealed by an

O-ring lo It 20-in.-dialneler, _-in.-lhiek, stain-

less steel base plate. The cylinder and base

plate were covered wit h _;-in.-OD copper tubing
with a maximum eenter-line separation of 1 in.
The outside ()f the chamber was insulated with

1 in. of Fiberglas, e.w,red by aluminum foil.

A coating of Aquadag was applied t.o M1 sur-
faces inside the chamber.

A t),tflled 4-in. (ill diffusion pump and a

m(,ehatliea[ t>ui))p tnaintained a pressure of

52< I(V `s l<)rr it) this chamber as measured with

an i(mizat i, m _uge h)cated in a cylinder e(mnect-

ing the t]itt)lsi()n pump to the base plate. It is

pr<)b,l)l(, lhat the pressure at the sl)eeinwn was

sli_rl)tly }) Igt ,'v.

A |))'('ssm'(' (])('rJ)tostat, was used to circulate

water (}_)'(,u_It the ab<)ve-nmntioned e()pper

tubi)l/ a)_(l I() (',mtr<)l the wall temperature ()f

(he <,[mtt)l)ov. A(hermo<:ouple attached It) the
;'+all ()f (}io c]lattd)er was used to m()nil()r this

t,enlp('t'ature .nd (hiring a typical rltn this
r('tuaine(t V+!l)slat/t at 30=]_0.05 ° (?. Flexible

leads ath,wed the chamber t() be opened without

aft'eeling th(, chamber-temperature control

syslem.

Alternative Specimen Design

A mu(tifi+'(l specimen design was tested which

involved tlt'., t'el)laeement of tim strip specimen

with a hollow cylinder. This cylinder was
la+-in. ()1) :',-in. hmg, _md had a ,_2-in.-wall

(hiekness, The specimen was polished and

therttu,e,)ul)h's were welded to its top, b<)t.tom,

and sides. A l>(9,+Rh_o wire-wound axial heater

was totally ,.inclosed in the cylinder but electri-

cally it)subtted front it,. "Voltage taps were

l)l+w.e(l (m t})v heater at. th(' top of the cylinder.

The sa,)p equation was used to calculate E,.

This Sl),',ill,'n (tesign has the distinct added

a(Ivan( ag(' ()f insulating the direct-current power

syst(,tn fr(mt the thermoe(mple syst.enl.

SYSTEM OPERATION AND ERRORS

Operation

A. (yl,ical d(,tvrlnination (>f'/_,'t :T yeas nlade in

the f()lh)wi)+_ illallner. After the spe(,iltten ',+')is

rllaCtlitl('(] :lrtd polished, the tIwrnt()couples wore
wel(h'd am] their h>eati(m d(,ternfined. Tiffs

asse))>t)ly _wts bolted in place in the apparatus

and ill(, utta(_tl('d (herm<)e(mples were wehh_d

t() th(' :tpl>r()l)riate Ptg0Rhl0 and Pt leads.

The sysi('n_ was evacuated It) 5XI0 -(_ torr and

the div('ct-t:urr('nt p()wer applied t() the speci-

men. Thirty nfinutes were tdh>wed for equili-

brati()n ;ut,t readings were made of the five

speeimett 1 l_ovm(,e()uples, the fi)ur v()Itage dr()ps,
the current+ an(t the chamber thermoc()uph's.

The (lir(,+q t'tll'ren( was reversed, a second set of

data was taken after 15 rain, and the specimen
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p()wer was changed for (lie next dat)t point.
The f(,rwar(l and reverse ENIF wdues were

averaged t() remove ! he effects ()f (lireet-eurren|

piekul) t)y the lherrn_,<'(,uples. E(lunlion (2)
was used t,) calculate E,.

Errors

An analysis of the errors in an Et(let ermination
can be divi(led into two groups: the errors
associated with the measurement of the terms

apl)earing in equatiorl (2), and the errors
asso('iated with certain phenomena negleete(I

in (lerivin,_ equation (2). '['he former errors
were assessed from the estimated ulwertainty

of ea('h term in the equation. The latter

errors can be calculated or nwasured by adept

testing and a correction applied therefor.

Determinate Errors

Based on the stated accuracy of the l_ & N

tyl)e K 3 potcntiometer of 0.018r"e, the error

in the product V.I is ±0.036!'_. llowever,
associated with the measuretnent of V.] is a

__0.015<'<. error in the standard resistor. The

total I'.1 error thus I)ecomes ±0.05¢)'_. The

length, and width plus thickness are respectively

known to: 1.6±0.008 in., ±0.50C_,; 0.210:t=

0.0002 in., ±0.0959_ This gives a cmnulative
error in the determination of the area of

±0.5q5_',_.. rl'he temperature is obtaine<l by

measuring the thermal EN:'IF with the i, & N

type K-3 potentiometer. From eonsidera-

lion of all of the factors affe<'.ting the thermo-

couple ENIF, it. is reasonable to state that the
Pl_,Rh,,/I't thermocouph_ is accurate to at

least ±0.5()(. However, this error enters the

equation as the fourth power and so yields

an absolute error of approximately ±2c/v. A

summation of these determinate errors yields a

total absolute error in the api)arent value of Et

of ±2.70-/o . It. is interesting that repeat runs

on a given specimen are reproducible to

±0.50{, and for different specimens prepared

by the described procedure, a reproducibility
of better than ±2(_ is observed.

Systematic Errors

Tim systematic errors neglected in deriving

equation (2) were treated in the following man-
ner. A correction was applie(l for the heat

loss from the measuring section due to thermal

conduction wi[hin the specimen because of a

temperature gradient, if this heat loss exceeded
C, ¢0.4 ;'c_ of the measured power input. A cor-

rection was applied for the heat a(|sorbed by

the specimen strip from its surroundings by
using e<luation (2) to calculate E,. This pre-

sumes the first-ortler approximation of Abbott,

Alvares, and Parker (ref. 3) is valid. A

eorre(q.ion was at>plied for heat loss from the

measuring section of the specimen due to

thermal conduction within the thermocouples.

This heat logs was measured experimelttally

'm(] is des<'rit>ed in the platinum measurements

section. Fimdly, a correctiot_ was applied to

the radiating area due to thermal expansion of

the specimen.

MEASUREMENTS

This measurement program was initiated to

obtain engineering data on the temperature

dependence of Et of Inor-8. Inor-8 is a

nickel-molybdenum-chromium-iron alloy which
is corrosion-resistant to molten fluoride salts

and is the const:ruetion material for the Molten

Salt Reactor Experiment, as well as being used

in other high-temperature applications, such

as heat exchangers.

The development of the apparatus was made

using specimens of Inor-8. Refilmnlents in the

techniques were subsequently accomplished

using specimens of Pt and (_1)-l% Zr, and the

data on Inor 8 specimens redetermined. Thus,

some of the results reported in the following
sections _re considered tentative at best in view

of the technique refinements which were de=

veloped during testing. This section will

attempt to show how certain variables affect

the wflues of Et:

In Pt

(1) the need for knowing precisely the ther-

mocouple positions

(2) the heat loss caused by the thermocouple
wires

In (%-1% Zr

(1) the effect of a specimen reaction with its

measuring environment

(2) the effect of surface roughening

I n I nor-8

(1) the effect of surface finish aud air oxida-
tion

(2) the corresponding changes of E, g.nd
electrical resistivity
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(3) an alternative method of measurement

(4) tile effect of oxide reduction.

Measurements on Platinum

Platinunl was studied in order to standardize

the apparatus and to perfect the special in-

strumentation technique. The results ob-

tained indicated the need for precise control of

the specinlen dimensions, of the tlmrmocouple

positions, and the manner of thermocouple
attachment. In addition, a platinum speei-

inen was used to quantitatively determine the
heat loss from the measuring section by con-

duction through the thermoeouples.

Specimen 1 was machined from a platinum

sheet2 and polished; three thermocouples

Platinum sheet composition: 99.50% Pt-0.20%

Ir-0.20 % Pd-0.05 % Rh -(}.03 % Fe .0.02 % Cu.

0.20

Measurement of Thermal Radiation Properties of Solids

tweezer-wehtcd to the specimen, and their

sep_mttion measured to the nearest _4 in.
I_atcr this procedure was found to be inade-

quate. The Ft values for this crudely prepared

sample are shown in figure 38-1, and exhibited

a minimum _t 350 ° C before rising monotoni-

cally with temperature to 860 ° C. At 860 ° C a
therm(><'t>upl,' opened; it was rewelded and the

length remeasured; and it we.s designated speci-
men 2. This crude length measurement caused

the Et resu|t_ for specimen 2 to be below those

of specimen 1 to 1000 ° C. However, the re-

sults were reproducible to I0.5_{ upon cooling

from 1000 ° to 550 ° C. Specimen 3 was produced

from specimen 2 using the precision techniques

previously (les(Tibed. The E, values for speci-

men 3 were near those of specimen 2, but this is

probably because of a fortuitous _,-in. meas-

0.15

X MC S'LROY AND KOILIE NO. 1

(_ MC ELROY AND KOILIE NO, ;>

0.05 --
• MC KLROY AND KOLLIE NO. 3

(_) MC ELRO¥ AND KOLLIE NO. 4

,_ DAVI550N AND WEEKS

C) ABBOTT, ALVARE,5 AND PARKER

Q) BUTLER AND INN

1"7 BRADLEY AND ENTWlSTLE

o I I I I I i
lOO zoo 400 6oo 8oo moo

TEMPERATURE °C

FIGURE 38-1.--Et:T for phtLinum. Specimens 1 gild 2 show the vffect of length measurement errors. Specimens

3 and 4 reflect improved measuring technique on machined specimens and illustrate the reproducit)ility

(+0.5%) and the accuracy (+2.7%). Bradley and Entwistle data are for Pt-10 llh.
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urement on specimen 2. The new fabrication

technique appeared successful because speci-
men 4 was prepared by the same method and

confirmed the E_ values of specimen 3 to 900 ° (?

to better than +2%. The agreement of these
data with other literature values is shown on

this plot. Tim Et: T of these runs is similar to

but higher than that reported by Davisson and

Weeks (ref. 6), and is nearly parallel to that of
Abbott, Alvares, and Parker (ref. 3). The

data are also definitely lower than those re-

ported by Butler and Inn (ref. 8), or Bradley

and Entwistle (ref. 5) for Ptg0Rhln.

The E_ values reported for all specimens were

corrected for heat loss by thermal conduction

within the thermocouples. The correction was

ot)tained by direct measurement on a platinum

specimen instrumented by the precision tech-

nique. A set of runs was made in which one
wire of a measuring thermocouple was removed

after each run. The difference in power

required to attain a given temperature was

determined and the actual power loss for two

thermocouples based on removal of one and two
wires is shown in figure 38-2. Although the

data are not as precise as desired, a conclusive

trend is shown, i.e., more heat loss at higher

temperatures, but a greater percentage of heat

loss at the lower temperatures. The fractional

correction for this loss on several specimens is

shown in the top of figure 38-2. For the
particular specimen sizes studied, this correction

can be as large as 20% at low temperatures.

Measurement on Columbium--l% Zirconium
Alloy

A Cb-l_ Zr alloy a was tested to 1200 ° C in

the apparatus using only three measuring

thermocouples. Specimens 1 and 2 were hand

polished and specimen 3 was roughened to a
45-tLin. surface finish. The data on these

specimens are plotted in figure 38-3.

Specimen 1 was heated in steps to 790 ° C and

Et was independent of temperature to 400 ° C,

but then increased sharply with temperature
to 790 ° C. After a 15-hr anneal in situ at

790 ° C, a stepwise cooling gave E, values which

were 70% higher than values obtained on

heating. Furthermore, continued annealing

3 Original minor impurities: 100 ppm O:, 120 ppm

N_, 120 ppm C, and 1 ppra II_.

for 21 hr at 770 ° C caused a 2% decrease in E,

values. Examination of the specimen surface

revealed a thin white film, presumably an

oxide which had formed during these thermal
treatments in an indicated vacuum of 5)<10 -6

torr. Electrical resistivity values obtained

during these cycles were temperature dependent

but insensitive to thermal history, as simwn in

figure 38-3.
Specimen 2 was heated directly to 770 ° C

and an attempt was made to follow the increase

in E_ with time due to oxidation. The Et at

770 ° (_ agreed with that of specimen l, but a

3c70 rise in Et was noted during a 10-hr period.

A subsequent 75-hr soak at 760 ° C of this

specimen did not change Et. Thermal cycling

confirmed (:i:2_/o) that the same Et observed

for specimen 1 on cooling had been achieved in

specimen 2. A stepwise heating of specimen 2
was extended to 1200 ° C. The E_ values

obtained below 760 ° (: agreed with the previous

E, values. However upon exceeding 760 ° C,

E_ exhibited a temperature dependence which

was parallel but displaced aboutp 200 ° C to the
E_ values of specimen 1 on first heating. The

E, values obtained on cooling from 1200 ° (_

were 10% higher but parallel to the stable Et

wtlues produced at 770 ° (_. Thus, the E,

value for a polished Cb-1 e/o Zr alloy heated in

a wtcuum of 5X10 -_ torr depends on the
temperature to which the specimen is heated

and is stable if this temperature is not exceeded

on repeated heating. The final appearance of

specimen 2 was very similar to that of specimen

1. The electrical resistivity values for specimen
2 were insensitive to thermal treatment but

were about 2570 higher than those of specimen

l, which was _)robably due to a measurement
error in the thickness.

Specimen 3, which was roughened to a 45-

mieroinch surface finish, gave E, values which

were approximately 60% higher than the origi-

nal /:,'t values of specimen 1 but exhibited the

same general temperature dependence. The

dectrical resistivity values were 2-3% higher

than either specimen 1 or 2, probably because of

the surface roughness effect on the measured

specimen cross section. The electrical resistiv-

ity of all specimens was above that for pure

columbium and distinctly higher than the re-
suits of Dotson (ref. 4).



372

¢ .0o

J t-

.80 --

0.05 --

Ul

O.O2 --
z

if)
1/1
0 0.01
d

n."
W

0.005-
O
{I.

0.002 --

O. 001

Measurement of Thermal Radiation Properties of Solids

CALCULATED LOSS

2 THERMOCOUP LES (.PL_C) _e-

= 2 (Pt)+ 2 (Ptqo Rhto)

=2 (Pt_ ÷ 2 (.'1-_L73)(Pt) / e

/ /"
/®  EAso EDLoss

/

I I t I
0 200 400 600 800 I000

TEMPERATURE °C

FIGure: 38-2.--Heat loss from the specimen measuring section ca_Ised })y thermal conduction in the thermo-

couples. Measured on one platinum wire and on one !)0£_, ph_lihum-[0_, rhodium wire and calculated for

twothermoeouph, s. Temperatureizra(lientsih 0.005-in. phttihum wirc calculated for k 0.72w/cm-°C. Insert

shows the fraetiomd power correction based on these heM, h)_,_['_ f,)r pl:ttintlm, h_or 8, ;ttl(t eolumbium 1 (i;

zirconium specimens.

Measurements on Inor-8

Three Inor-8 specimens were fabri<'ate(t by

stamping tensile-test speeimens from 0,020-in.

sheet and cold rolling this form to 0.009-in.

thick, This material was clamped between two
}_-in, steel bars and filed to a uniform web

thickness. Three thermoeouple wires were

attached to specimen 1, which had a mat,to

(as-received) finish, and their separation meas-
ured It) tim nearest _4 in. This specimen

yMded 1'2, vulues to 700 ° C which were on the

top bou,i(lary of region i in figure 3S 4. A

slight minimum was observed in E, at. 200 ° (:.

This speciJn(m was then oxidized in air at 830 °

(' for 1 hr _md gave results which form the

bottom boundary of region llI in figure 38-4.

FIGURE :_8-3. -Colunahium I _:'_ zirconium Et: 7";rod electrical rpsistivit5 : 7'. Et of specimens 1 and 2 shows effects

of regret•on with (iN 10 Ltorr environment. E, of specitne_) 3 ,hews the effect of surface finish, l:lectrieal

resistivity : T was insensitive to environment_ re,tetion and :d)ovc that of pure eohmfl)ium.
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FIOURE 38 4.--Ea: T for Inor-8. E×ploratory meas-
urement_ to show effects of intentional oxidalion
of the specimen. Et vahms were not corrected for
conduction heat losses.

Subsequent specimen treatments at 730 ° C in

air included holding for 1 hr, five therinal

cycles to room temperature, and 9 hr of further

holding. After each treatment an E,:T run

was made and all results were within region
llI. Thus, Et was increased 2.5 times by air

oxidation at 830 ° C after which it was relatively

insensitive to thermal cycles to 730 ° C or to

prolonged exposure at, 73() ° C.

Specimen 2 was hand polished to a bright

finish, three thermoeouples were tweezer-welded
to its surface, and their separation measured to

the nearest }/_ in. This specimen yielded E_:T

values which form the bottom boundary of

region I in figure 38-4. Thus, the smooth

surface existing on specimen 2 caused a reduc-

tion in E, compared to the matte finish of

specimen 1. This specimen was then given

100 l-rain thermal cycles in air to 730 ° C.

After each 25 cycles an Et:T measurement was

made, and the values obtained lie totally in

region l I, although the value increased slightly
with increasing nmnber of cycles.

Specimen '3 was identical to specimen 2 and

gave Et:T values which were within 5% of

those of specimen 2, and consistently lower

than specimen 1. Specimen 3 was then oxi-
dized 1 hr at 1000 ° C in air and gave the E,

values illdicated in figure 38-4. This oxide
caused a three-fold increase of Et at 600 ° C.

Because of the crude length measurements on

specimens l :{, all of the E, results reported in

figure 38 4 were calculated by equation (1)
without corrections for heat losses. These

values are presented only to indicate approxi-

mate ma_nilude of effects.

Specimeti 4 was prepared by machining a
sheet of l t_()z'-_ with Micarta backup plates,

and this reduced the specimen dimensional

variations. This specimen was hand polished,

the thermocouples were attached, and the

thermo(:ouple separation was measured using

a Filar (,yepiece. Data on heating to 830 ° C

were t)eh)w region l of figure 38-4 and are

plotted in figure 38-5. A reproducibility of
better than 0.5% was obtained on cooling.

An interesting increase in E_ was found near

740 ° (! and was reproduced on cooling. ]t is

knawn that the specific heat * and thermal con-

ductivity (rcf. 9) of Inor-8 increase near this

temperature. Although the exact, cause for

this is unknown, such increases are normally

a ssociatc[l with the temperature dependence of

short range order effects. This specimen was
then oxidized in air for 2 hr at 1000 ° C and

E,:T determined. It was expected that the Et

wflues wouht lie totally above those of the l
hr at 1000 ° C treatment of specimen 3, and

this was the case at low temperatures. But, as

indicated in figure 38-4, the E, values decreased

with increasing temperature and were quite

erratic. Inspection of the specimen showe(l
the surface not to be covered with oxide, as in

the previous specimens, but to be covered with

a flaky metallic-appearing film. A photograph

of this _pecimen is shown in figure 38-6. The

exact cause for this phenomenon is unknown;

however, the oxidized specimen received several

heat[n_zs to at least 600 ° C in vacuum prior to

data collection. This may have been sufficient

t,o allow the carbon contained in the alloy to

Pri_a_o commuDieation from E. E. Stansbury and

(:.ll. Brooks, l)ept, of Chem. and Met. Eng., U. of

Tenn., Mar I, 1961.
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FIGURE 38-6.--Photograph of Inor-8 specimen oxidized

at 1000 ° C and vacumn tested. See figure 3_4 for

E,:T for this specimen.

diffuse into and reduce the oxide, or spontaneous
oxide decomposition may have occurred.

Specimens 5 and 6 were machined to
0.0001-in. tolerances and finished to better

than l-microinch and five thermoeouples were

attached and located by the technique used on

speciment 4. Specimen 5 was tested only to

450 ° C but gave reproducible Et values quite

close to those of specimen 4, as shown in

figure 38-5. Speciment 6 was used to study

Et to 1000 ° C on heating and cooling with
small temperature interwds between data

points. These values are shown in figure 3_;-5.
Electrical resist.ivity (p) v'dues were calculated

and are shown in the upper portion of figure

38-5. The electrical resistivity of specimens

4 and 6 exhibited the same general temperature

dependence. The values obtained on heating

the cold-worked lnor-S specimens differed by
4% because of a thickness measurement error

and reflect coht-working, recovery, and reerys-
tallization effects. The values obtained on

cooling below 400 ° (_ are higher than those

obtained on heating; this was due to the

thermal treatment given the Inor-8 and not

to a changed specimen size. The Et values

of specimen 6 on heating exhibited a distinct

change near 450 ° (' where the electrical

resistivity undergoes the maximum change
on heating. The E, increase observed at

740 ° C for specimen 4 was missing on heating
but was apparent on cooling. The Et values

above 750 ° C increased linearly with temper-

ature and were reproduced on cooling. The

Et values obtained below 600 ° C were 60-/o

below those obtained on heating, which is
associated with the order-disorder phenomenon

caused l)y the thermal treatment given to the

specinwn and is reflected in the electrical

resistivity. Thus, E_ values are sensitive to

interrJ,] _pecinlen changes just as are electrical

resistivity, specific heat, and timrmal con-

ductivity.

Finally, t, hollow cylinder of Inor-8 was used

to ,neasure Et:T. This can was manually
polished to a bright finish. The results, shown

in figure 3_;-5, agree (:]:2%) with corrected

strip sp(_,in_en 6 on heating to 500 ° (). This

approach offers the advantages of a means for

separating the direct-current power system and

the thermocouple system, removal of the need

for accurate measurement of thermocouple

position, and reduced effects of thermocouple

heat leakage.

SUMMARY

The experimental details of a method for

determining the temperature dependence of the

total hemispherical emittance (E,:T) using a

hot-filament strip in a constant-temperature,
blackbody vacuum cimmber were described.

It was shown that precise specimen dimensions

and thernto('ouple positioning are requisite to

the method and the techniques used to accom-

plish these were described. From the data

taken it_ an Et measurement, it is possible to

calcula|e the spe(.imen electrical resistivity at

tel ll |)el':I tu re.

(_orr(_ctions [or syst.enmtie errors were applied
to the/_2_: T data. One of these errors, the heat

loss duc to thermal conduction through the

therlllo,'oup|es, dominates the particuh_r strip

specimen design used, and measurements of

this heat loss revealed at least a 20% correction

was necessary at low temperatures. However,

if the systematic errors can be evaluated, then

the accur,_cy of the Et measurement is limited

by the determinate error, which was shown

to be _2.7cjv. The E,:T results proved to

be reproducible to ±0.5%. Experimental
tneasurements were made on Pt, ()b-l% Zr,
and Inor S and illustrated how certain vari-

ables affect the values of Et.
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The platinum results illustrated the precision

needed on thermocouple positioning and the
heat loss which accompanies thermocouples.

The corrected results were in agreement with

literature values for Et:T to 1000 ° (?.

The Cb-l% Zr results illustrated how Et is

increased by surface roughness and by specimen
reaction with a 5X10-6-torr environment. The

electrical resistivity of Cb-1% Zr was tempera-

ture dependent, above that reported for pure

columbiunl, and insensitive to the specimen
environment reaction.

The Inor-8 Et:T results increased with in-

creasing surface roughness and were increased
threefold at 600 ° C by air oxidation. The

E_:Tof an Inor-8 oxide formed at 830 ° or 730 °

(_ was insensitive to thermal cycling in air.

However, an oxide formed by a 2-hr air exposure

at 1000 ° C decomposed during the E_:T deter-

ruination in a vacuum and gave very erratic

results. A detailed study of E,:T for cold-

worked and polished lnor-8 showed a distinct

break at 440 ° C on heating and this was ac-

companied by a large change in the electrical

resistivity. On cooling, the 440 ° C change was
absent, but a change was noted near 700 ° C,

where corresponding changes have been noted

in the specific heat and the thermal conduc-

tivity of lnm_8.

Finally, the applicability of the method on a

hollow cylinder specimen of Inor-8 was demon-

strated and the resulting E,:T values were

within :t:2% of the strip data. This offers a

means of Et:T determinations by this method
on insulators.
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APPENDIX--COMMENTS ON PAPER 33,

FOR HIGH-TEMPERATURE

The paper by A. I. Funai (page 317) presents

a lechnique for the measurement of total hemi-

spherical emittance E_ similar to one of the

techniques in use at the Oak Ridge Nalional
Laboratory (ORNL). The majority of the

ORNL measurements, however, were made by

a modification of the hot-filament technique in

which an instrumented strip-type specimen is
directly heated by an external power source.

The following comparison can be made of the
two methods.

ADVANTAGES OF THE ENCLOSED-HEATER

TECHNIQUE

'Phe power and thermocouple circuitry are
separated in the internal-heater method. This

allows the use of a direct-current power supply,

which affords simpler and more accurate

power measurements than does an alternating-

current power supply commonly used with

strip-type specimens. If direct current is used

in the directly heated strip technique, it is

necessary to reverse the current to correct for

any pickup by the thermocouples.

"A MULTICHAMBER CALORIMETER

EMITTANCE STUDIES"

The enclosed-heater method necessitates more

power to produce a given specimen temperature
than does the strip technique. Consequently,

the percentage power loss by heat leakage

through the termocouples and through the

input electrodes is less. This is vividly illus-

trate(t by figure 2 of reference 1 which shows

the power loss of two 5-rail Pt-Pt_oRhm thermo-

couples spot welded 0.5 in. apart on a 0.200-in.-

wide, 0.008-in.-thich platinum strip specimen.

The percentage power loss to these thermo-

couples for the alloys Cb-1 Zr and Inor-8 is also

shown. This power loss is negligible in the

internal-heater technique.

The strip technique requires precise thermo-

couple placement, whereas the internal-heater
method does not.

The strip technique requires more precise

machining. For example, it was found neces-

sary to machine strip specimens to :kO.OOOl-in.

tolerances to produce acceptable temperature

profiles.
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The enclosed-heater method allows the meas-

urenlent of Et of insulators which cannot be

heated directly.

Disadvantages of the Enclosed-Heater Technique

Severe telnperature variations can occur

along the specimen in the internal-heater tech-

nique. For example, at 477 ° (' using a l_{_-in.-
OD, 3-in.-ta]] cylimh'ica] specimen, 60 ° C

telnperature differences from the bottom to the

top of the specimen were im,asured. This may

be due to the heater design.

The maxinmm temperature of the internally
enclosed heater method is probably 1800 ° (?

for a reasonable heattw life, whereas the strip

technique is limited only by the melting point

of the specimen and the power supply available.

The electrical resistivity of the specimen can
be calculated front the data collected in the

strip technique. This affords additional in-
formation related to metallurgical changes

occurring in the specimen. For example,

Worthing (fig. 3 of ref. 1 ) shows the effect of the

cold work-anneal ('ycle and a short-range order

reaction on Et and eh,ctrical resistivity of

Inor S, a nickel-molybdcnun_:chromium-iron

alloy which is the containinent ntaterial for the
Molten Salt Nuclear Reactor.

COMPARISON OF LMSC AND ORNL TECH-
NIQUES

A direct experimental comparison of the

LMSC and ORNL techniques is shown in

figure 38-5. This figure shows the results for

Inor-8 obtained by using these two techniques.

It can be seen that the corrected results agree

to within 4-3%. The instal)ility of surfaces of

metals or coatings on metals in hard vacuums is

likely to cause changes in E_. For example, a

strip of Inor-8 was oxidized in air at 1000 ° C for

2hr. It was then placed inavacuumof5xl0 -_

torr and ttt(, results shown in figure 38-4 were

obtained, lt, was expected that the Et values

wouht lit' above those for the specimen oxidized

for 1 hr in air. But/'/t decreased with increasin¢

ten|peratur(, and was erratic. Inspection of the
surface show(,d the surface not to be covered

with oxide but to be covered with a flaky

metallie-h)oking fflnt (shown in fig. 38-6).
The exact cause for this phenomenon is un-

known: however, the oxidized specimen re-
ceived sevm'al hearings to at least 600 ° C in

va('uo prior to data collection. This may have
been sutlicipnt to allow the carbon contained

in the alloy to diffuse into and react with the

oxide, or spontaneous oxide decomposition

in this vacuum may have occurred. Figure
38-3 shows the effect of the oxidation of Co-

157o Zr c)ceurring above 400 ° C in a vacuum of
5 x 1()-_; Ion'.

QUESTIONS

Finally, (.eminent on the following is re-

quest ed.

(1) Is correction for the thermal expansion of

the specimen desirable? For example, _t

I 1o0 ° ( _ (20(10 ° F) a first-orfler expansion

correction for Inor-8 is 2%.

(2) The onset of complications incurred by

appreciable infrared transmission of the

very thin coatings on the metal speci-

n_ens could affect the measured "emit-

lance" of the system. In addition, esti-

mation of the surface temperature of the

coating requires knowledge of its thermal

conductivity. Are independent measure-

meats of such coating properties being

n_ade?
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39mMEASUREMENT OF TOTAL HEMISPHERI-

CAL EMITTANCE OF STRUCTURAL MATE-

RIALS AND COATINGS UNDER SIMU-

LATED SPACECRAFT CONDITIONS

BY G. MIKK AND W. H. ASKWYTH

PRATT & WHITNEY AIRCRAFT DIVISION, UNITED AIRCRAFT CORPORATION, EAST HARTFORD, CONNECTICUT

Several lest rigs were designed and constructed to measure total hemispherical emittanee,
over a wide range of tetnperatures, under conditions which simulate the vacuum of space.
The method used in all of the rigs is to compare the electrical power dissipated from an
isothermal test section of a resistance-heated specimen to the total emissive power of a
blackbody operating at the specimen temper-tture. Two types of tests are conducted in
these rigs--determination of total hemispherical emittance as a function of temperature from
approximately 200° F to 2200 ° F and determination of total hemispherical emittance ._s a
function of time at fixed elevated temperatures (endurance tests). Specimens used for these
tests were usmdly in the form of coated metal strips or coated thin-walled metzd tubes.
Some typical data presented are comparisons of results of various investigators and of
results obtained in the various rigs used in these tests.

Studies of space propulsion systems have
indicated the importance of radiant heat trans-

fer in the design of such systems. Achievement

of a proper design requires a knowledge of the

era|trance, absorptance, and reflectance of the

materials of some components at conditions

similar to those encountered in space, particu-

larly the high vacuum.
Studies of the literature indicated that the

published data on thermal radiation properties

were not sufficient to design optin,um space
propulsion systems. It was found that infor-

mation was lacking for many materials of inter-

est at the desired temperatures of application
and that most of the information available had

not been obtained in a vacuum environment.

Furthermore. little information was found on

the change of emittance of materials due to pro-

longed periods in a high vacuunt at repre-

sentative temperatures. This information is

necessary since chemical changes and phe-

nomena such as sublimation may limit the
application of otherwise desirable materials.

For example, oxidized lnconel has high emit-

tance, but, at high temperature and in a

vacuum, the o×ygen leaves, and the result is a
brigi_t surface of low era|trance.

To provide information necessary for space

radiator design, various rigs were built at
Pratt & Whitney Aircraft to determine total

emittance. Three of these rigs are discussed in

detail in this paper: the original rig used to

measure total hemispherical emittance under

high vacuum conditions and over the approxi-

mate temperature range of 200 ° F to 2000 ° F;

a new, larger total hemispherical emittance rig

constructed in the early part of 1962; and an

endurance rig in which emittance is measured
as a function of time at constant temperature.

A brief discussion of a fourth rig, one ordinarily

used for spectral normal emittance measure-

ments but which may also be used for total

hemispherical emittance measurement, is also
included.

The method used for measuring total henri-

spherical emittan_ involves determination of

the temperature of and the power dissipation

per unit surface area in the central portion of

an electrically heated tube or strip specimen.
If heat conduct, ion and convection from this

central portion or test section of the specimen
as well as radiation returning to the test section

from its surroundings are negligible, the total

hemispherical enfittance may be computed as
381
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the power dissipati(m per unit surface area

divided by tile emissive power of st blackbody at
the test section temperature. Radiation re-

turning to and absorbed 1)y the specimen is

minimized by blackening and cooling the
chamber walls. At the lower specilnen temper-

atures, conduction of heat lo the electrodes at

each end ,)f the specimen poses a problem, but.
this conducti(m heat loss is minimized in these

tests by the use of c(>ntr,)llcd auxiliary electrical

heating of the ends of the specimen. Since these

tests are conducted in a high-vacuum environ-
ment, convection ot' heal t'r()m the specimen

surface is not a problem.

All specimens fro" these lests involved a metal

strip or tube as a base or subslrate material.
All nonmetal materials tested were thin coating's

on the metal base. The emittanees reported are

based on the temperature of the metal sub-

strate or the essentially black radiation from a

cavity at the metal substrate temperature.

This procedure }tits gctn engineering advantage

for the intended application of the data, in that

the questions of }tow much temperature drop

there is through the coating layer and how

opaque the coating layer is do not require sepa-

rat(, answers, The data, its reported, give a

direct nl_,asm'e of the emissive power of lhe
surface as _ function of the substrate metal

tempt, rat ure.

APPARATUS AND TEST PROCEDURE

Original Total Emittance Rig

The original total emittanee rig consisted of

it vacuum chamber, instrumentation flange,

eva('uatina _,quipment, power supplies for sam-
ph' h,,aling and instruments for measuring

power and temperature. A photograph of the

test set up is shown in figure 39-1.

The I,'_l chamber was an 8-in. long, 3-in.
intcrn,d (ti,mlcler windowless chamber made

of type 304 stainless steel. The inner walls

were g,'oov('d and blackened with cupri(' oxide,

to produce a low-reflectance surf'we. This
minimized the reflection of ener,,v which

_-% ,

origiwa,,d from the sample su!'racc, by the
w_dls of t}u, chamber. The ('hamber walls

were also _vater-eoole([ to minimize the energy

FIGURE 39-'l.---Tot.al emittance rig and associated equipment : (1 vacuurn chamber and cooling bath, (2) ion

gettering pump, (3) ionization gage, (4) pump power supply, (5) ionization gage power supply, (6) power

supply for heating specimen, (7) end heater power suppli,,_, (S) potential and current meter, and (9}

potentiometer.
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<lirectly radiated from tile chamber to the

specimen.
The instrumentation flange, or chamber-top

cover plate, containe(l tim vacuum connec-

tion, powcr fced-throughs, thermocouple feed-

throughs, and the specimen-support asseinbly.
The vacuum connection was a 1-in. outside

diameter tube h'ading to a "cross" where pro-

visions were made Olrough high-wlcuum valves

for the roughing an(I ion-gettering pumps.
The remaining outlet of the cross was used for

attaching a Bayard-Alpert ionization gage.

The power feed-throughs for specinwn heating,

and end heating, were waler-coole(i copper

leads which were soldered to the inside of type
410 stainless steel tubes. These were installed

into the flange with "Pyroeeram"--a form of

solder glass mamffactured by the ('orning

Glass Company. The thermocouple feed-
throughs were similarly installe(I but were not
water cooled. This method of installation

of the feed-throughs provide(l a high vacuum
seal and electrical insulation between the wires

and the chamber components. The specimen-

support assembly, consisting of the sample

holder, fastening clamps, and thermocouple

wire supports, was oriented so as to place the

specimen away from the centerline of the

chamber t.o minimize tile effect of specularly
reflected ra<liation from the ('hamber as dis-

cussed in appemlix A o1' reference 1. A heryl-

lium-copper leaf st)ring hohling the lower

specimen chtmp was use(I to compensate fox"

specimen thermal expansion. These details of

chamhcr construction and specimen inslalhttion

are shown in figure 39-2.

The evacuation equipme,lt consisted of an
oil-sealed mechanical roughing pump, and a 5-

liters/see ion-gettering pump. The mechanical

pump was used in conjunction with a cryogenic

trap to remove condensable materials from the

system during pretest hakeout. Pressures of

the order of l0 -4 mm Hg were attainable with

this pump. At the conclusion of hakeout, tilt,

ion-gettering pump, capabh, of 10-gram Hg, was

valved in. Vacuum was mcasure(l by means of

a Bayard-Alpert type ionization gage, and by

noting the currcnl in the ion-gettering pump
which is calibrated to indicate the vacuum in

thc pump itself.

The specimens were heated by a-c power

to simplify control and to eliminate thermo-

FIGURE 39-2.--Cutaway sketch of the total emittance

rig showing the relative location of specimen and rig

detail.

couple error caused by misalignment of thermo-

couple wires on the specimen which would
result if heating was done by d-c power. Mis-

alignment would introduce a portion of the

specimen voltage drop into the thermocouple

circuit. The power was obtained from a

7.5-kva transformer whose prinmry voltage

was varied to provide an output ranging from
0 to 32 volts. The power input to the trans-

former was regulated to provide constant

voltage at any desired level. A block diagram
showing the vacuum and power system for

this rig is shown in figure 39-3.

The test specimens were in the form of metal

strips (usually stainless steel, molybdenum or

aluminum) approximately 6 inches long, 0.40
in. wide and 2 or 5 mils thick. During the

early part of the program some testing was done
with uncoated strips to compare the results

of this testing to those of other investigators and
to establish emittance base-lines for some of

the metals. Most testa were conducted on

strips coated on both sides with selected coating
materials. A few testa were conducted in

which the strips were coated on one side only.

The specimens were resistance-heated with the
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FIGURE 39 3.--Block diagram of total emiltance rig instrumentation.

base, or sul)strate material of the strips, used
as the resistance element.

Each specimen was inst,'umented with four

surface thermocoup]es and a pair of voltage

leads as shown in figure 39-4. A l-rail Chro-

mel-Alumel or plalitmnwphttinum, 10% rho-

dium thernlocouple wire was used throughout
the tests. The wires were resistance welded to

the specimen substrate except, when aluminum

specimens were used in which case the wires

were buried in the substrate. Each pair of

thermoeouple wires was located on a line per-

pendieular to the axis of tile strip so thai

errors due to axial temperature gradients

were eliminated. When strips coated on one
side were tested, the thermocouple and voltage

leads were applied to the uncoated side of the

strip to minimize possible thermoeouple con-
taminatioh by the coating lnaterial. However,

the testing of strips coated on only one

side was abandoned after a few tests. (For

these specimens the emittance of the uncoated

side had t. be known for each test point. Test-

ing of un<'.ated metals showed that changes

in enliltaw,e due to "eleanul)" were tem-

perature-lime phenomena which could not I>e

easily repeated.) When strips coaled on both
sides were tested, scrat<'hes were made through

the coati_J/t,-, the base metal so that the thernm-

<'ouples and voltage leads could be attached.

A schematic drawing of a typical thermo-
couple installation is shown in figure 39-5.

Addili,>nal heat was supplied at the ends of

the speci],len ]ilaking it possible to obtain es-

sentiallx tmiform temperature for tile specimen
lest section. This was done to minimize ther-

mal conduction to cooled power leads and

specimen supports. The end-heating was ae-

c<>mplislw<t using separate variable a-c power

supplies connected across "_{=in.segments at the

ends of the specimen. These supplementary

healel'S wort, eh.ctrically phased to aid the lnail,

heatin_ <.urrent and were controlled to achieve

equal tel_l pm'al ures at thermocoui)les 1,2, and 3.
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FmvR_ 39-4.--Test specimen geometry and instru-

mentation arrangement for totM emittance and

endurance rigs.

The end heaters were usually not used for test
pointls higher than 1000 ° F.

The test section of tile specimen was a cen-

trally located segnient, approximately l_ in.

long. Its actual length and location were de-

t erndned by tile axial location of the voltage

leads on the specimen. The test section tem-

perature was measured by central thermoeouples
2 and 4.

Specimen width, thickness, and distlance
between voltage leads were measured with a

traveling microscope. The measurements as

determined by this instrument can lie consid-

ered to be accurate within :i:0.0005 in. A
vacuum-tube voltmeter was used to measure

the voltage drop across the test section. The

same instrmnent was used to measure the spec-
inlen current by measuring the voltage drop

across a 50 my-50 amp shunt. The measure-

ments determined by this instrument are ac-

curate to within _l°/o. The outputs of the

thermocouples were measured |)y a slide-wire

millivolt potentiometer. The possible errors

associated with these temperature readings are

estimated to he :t:0.5%. Therefore, it is esti-

mated that errors in tile total emittance values--

due to voltage, current, dimension, and tem-

perature measurement--are no greater than

=t=2.5% (rms).

Upon completion of each specimen installa-

tion, lhe chamber was baked out for 4 hr at

4000-450 ° F to remove contaminants. During

this bake-out period, the system was pumped

witlh the nw('hani('al roughing pump in conjunc-

tion with the cryogenic trap. When bake-out

was completed, the roughing pmnp was valved

out, of the systenl and the ion-gettering pump
valved in. The rig was then left to cool to

near-ambient temperature before cooling water

was applied to the chamber walls. When tile

chamber had been pumped down to pressures

in the 10 -7 mm IIg range the emittance test

was started. Pumping was continued through-
out the test to maintain the lowest: possible

pressure. Emittance measurements were never

made when pressures were sufficiently high to

permit a significant amount of energy transfer

by residual gas conduction.

SCRATCH IN THE COATING THERMOCOUPLE WIRES

THERMOCOUPLE JUNCTION ON COATED SAMPLE
TYPICAL CROSS SECTION

.OOI DIA TC WIRE I I .004 _,

BASE METAL J .I O0
WIDTH OF SCRATCH

RANGES PROM .002 TO .004

FIGURE 39-5.--Typical segment of coated sample with

thermocouple and thermocouple junction on coated

sample.

The following data are taken, from which the

total henfispherieal emittanee of the specimen
is determined:

Vt_ the voltage drop across the test, section

of the specimen,

I the current through the specimen
T,_ the measured temperature near the center

of the test section.

The tlOtal hemispherical emittance can then
be determined from the approximate relation-

ship

I V,_ (1)
6th--A [q'_ 4 _ 4_

_,sG_,l m -- lw l
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where Ats is lhe surface area radiating tile

power (IV,), 7',_ is tile tmnperature of the
chamber wall, and _r is the Stefan-Boltzmann

COILS( lid t.

Emittance was determined at temperatures

ranging from 200 ° F to 2000 ° F. For points

I)elow 1000 ° F supph, mental heat was usually

applied to the ends of lhe specimen to maintain

a uniform temperature ()vet" tire test segment.

At each test ])oint, data were taken when
steadv-state conditions had been established.

In many cases, tire st)e(,inmns were maintained

at 1450 ° F for approximately 17 hr (overnight)

to get some indication of lhe stability of the
coating when exposed to high temperature and

}ligh vaeuunr. Emittance was measured im-

mediately before and after the overnighl

.endurance period. Wh(m this t)rocedure was

followe(t, any dala obtained at temperatures

higher than 1450 ° F were taken after the ovPr-

night endurance l)erio(l. As tile specimen

temperature was rcdu(,e(l, more emittance
Jlle_tsurelUellt$ were made 1o determine ('}ranges

in the emitlance vs. temperature curve due to

exposure of the coating to high lemperature and

wtcuum. When a preliminary evaluation of
the data indicated that the lest results were

reliable, the specimen power was slmt off, tile

rig was vented to tile almosphere, and the

specimen was removed for further inspection
and evaluation. When c(>atings were lesle(l

on aluminunl SUIlstrates, the test procedure

was essentially tile same us al)ove except that

specimen temperatures were llecessarily limited

to 900 ° F and no overnight enduran<,e tests
were conducted.

Spectral £mittance Rig

A rig which is ordinarily used for spectral
norlnal elnittance llleasurolrlents is also use(]

occasionally for direct total hendspheri<,al

emittanee measurements al high temperatures. _

This rig is described fully in reference 1 and

Paper 36 presented at this syinpo_,ium t)v
R. IIouse, et al.

'In a few cases, both spectral normal and total

hemispherical emittance measurements were made in

this rig during the same tests. When this was done,

the spectral normal emittance values were used to

obtain total normal emittance by integration. The

total normal and total hemispherical emittance values

were then compared to each other and were usually in

close agreement.

Tile test procedure for measuring total hemi-

spherical emittanee in this rig is essentially the

same as (lis(.ussed above except, that h/-in.-
diameter thin-walled tubular specimens are

used instea(l of strips. The specimens were

heated tly d-c power which necessitates voltage
reversal to eliminate errors in indicated thermo-

couple output due to misalignment of thermo-

couple wires. Voltage and current measure-

ments are made by a millivolt slidewire

potentiometer in conjunction with appropriate

auxiliary range resistors. Thermocouples were

used for tenq)erature up to 1400 ° F. At: higher
temperalures, an optical pyrometer was used

to measure the temperature of a small black-

body hole drilled in the wall of the specimen.
I t is believed that these measurements are more

reliable, _ these high temperatures, than those

ohtained with thermocouples, since thermo-

couples .my becomes contaminated by the

specimen.

Endurance Rig

A total emittance endurance rig was built to

provide a means of carrying out endurance

tests to determine changes in emittance due to

prolonged exposure to high temperature and

high v_tcuun/. This rig also yielded valuable
qualitative in['ornmtion concerning the ability

of the various coatings to adhere to the sub-

stratcs for long periods of time under these
conditions.

The rig is similar to the total hemispherical

emittanee rig. The chamber is slightly longer

and is equipped with a window to allow the

use of an optical pyrometer. End heaters were

not inclu<lcd in the rig, since endurance tests

are always coi_ducted at temperatures suffi-

ciently high for end conduction losses to be

negligible.

Each endurance specimen is a coated V-in.
diameter by 9-in. long thin-walled metal tube,

and is provided with a small blackbody hole
for teinpcrature measurement by optical means.

The specimens are instrumented in the standard

manner with voltage leads and thermocouples

to provide total emittance data as the speci-

mens are heated from approximately 200 ° F

to the endurance temperature and as they are

cooled to approximately 200 ° F after the
endurance test.
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A few strip specimens were also endurance

tested in this rig. In these tests, thernlo-

couples were used to measure temperature

during endurance, since the optical pyrometer
could only be used to measure the surface

brightness temperature of the strip specimens.

The endurance tests were usually conducted

for periods of approximately 300 hours or until

the emittance value stabilized. However, some

samples were tested for longer periods of time.

A few were tested for as long as 800 hours.

Emittance data were usually taken several

times during each working day. When the

data in(ticated that changes in emit lance were

taking place, the data taking schedule was
revised to obtain sufl_mient data to describe
the test.

The test procedure for these tests was essen-

tially the same as in ordinary total emit.tance
tests until tim point at which the endurance
test was started. End conduction loss correc-

tions, based on an analysis in reference l, were

made, when necessary, for total emittance data

obtained at, low tenlperatures.

New Total Emittance Rig

.4. new total eniittance rig was designed and

built during the early part of 1962. Several

improvements which past testing indicated

were necessary or desirable were incorporated

into this rig. A major consideration in the

design of tile rig was that it be adaptal)le for

use in other investigations relatini_ to space
radiator operation.

Tile rig consists of a 20-in. high, 15_-in.
internal diameter vacuum chamber which is

evacuated by a 400-liter/see oil diffusion pump.

Pressures of less than 1 x l0 -7 mm Hg are

attainable with this system. The rig can also

be operated with an ion-gettering pump when

higher wtcuums are desired Iligh-vacuum

seals and bakeout heaters have been incorpo-

rated into the rig for this purpose. For routine

operation, the large oil difl'usion pump will |)e

used so that rapid data taking can be ac-
complished.

The design of the rig is based on the bell jar

type of system, as shown in figure 39-6, to

siniplify operating procedures. The chanA)er is

fabricated from type 304 stainless steel and is

coated on the inside with an aluminum phos-
phate I)onded mixture of silicon carbide and

5" CLE£m OtA

IF TING )_OK_<

COOLJN G C OIt.S

_EaTt_ C_L3

mCSULJ

J_ LOCAT_ OF
SPEClU[N

FinuaE 39-6.--Vacuum chamber for new total emit-
tance rig.

silicon dioxide. This permanent high-emit-

lance (low-reflectance) surface and the large

diameter of the chanlber satisfy the require-
ment tlmt the reradiation from the chamber to

the specimen be negligit)le. Permanent bake-
out. heaters and cooling coils are incorporated

into the rig to allow the ehanfl)er to be baked

out prior to test when necessary and to be

cooled to any desired level during test.. Water

is the normal cooling thtid. However. with

appropriat.e accessory systems any coolant,

including liquid nitrogen, may 1)e used.
Two windows, of 5.4- and 2.0-in. clear diame-

ters, are located 180 ° apart to provide for visual

inspection of the specinlen and to permit

temperature measurement by optical means

during test. When the windows are not in

use, magnetically-operated shutters reflect the

radiation originating from the specimen onto

nearby cooled walls. This eliminates heating

of the windows and consequent reradiation of

energy from the window to the specimen.

The rig is usually assembled with "Viton"

O-rin_-s, but O-rings of other materials, includ-

ing soft metals such as annealed gold, can be
used.

A removable instrumentation flange holds

the specimen during test and provides all the

thermocouple and power termimds and acces-

sory systems--such as end heaters and the cx-
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pansion take-up device. The flange is remov-
able so that the rig can be conveniently

converted to use for other purposes. Tile

specinlens are installed raider tension bv com-

pressing the expansion take-up ('oil to prevent

buekling due to thermal expansion. All power

leads are cooled and ('oated with a high-
emit(ante material to n,inindze reflection arm

reradiation of energy back h) the specimen.

Figure 39-7 is a sketcb of the instrunientation

flan,e showing lhe relative lo('ation of thet'-,

('Oil I poIleII t s.
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- BPECIMEN
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TUN_STEN HEATING COIL

ta_

TO COOLANT MANIFOLD &

ELECTRICAL TERMINAL

FIGURE :{(.)-7.--hlstruInentation flange for new total

emittance rig;.

The specinlens arc in the feral of coated or

un('oated }/-in('lt-(lianieter, 9-in('h-long thin-

walh,(l ]lletal tul)es. As in tile previous rig,

tiler are electrically resistance }leafed I)y a-c
power. End heating, to iuininlize thernlal

('endue(ion to cooled electrical connections and

specinien ('lalups, is a('('olnplished [)y lileans of

radiation elld heaters. These end heaters

consist of t,ullgsteil wire coils whiclt helit 1( Sillall

segiiieilt of lile specimen ll('ar ca(']l end by radi-
ation only. The ('oils are oriented alld shMded
so the radiation from them (hies not strike tile

(.entrallv located test sPglileIil.

Power for specimen heating and end heating
is provide<t t>v a Superior Electric voltage regu-

lah>r cal>ilt>h , of 0.25% regulation. Control is

t)y wtri;dH(, voltage output transformers in the

primary circuits ,>f the rig power tralisformers.

Curreni as hi,_ti as 550 amp can be provided for

specilneu l.ating and all additional 100 anip

are avtlihil)ie for each end healer. Tiffs large

currcnl c:ipacity perniits greater flexibility of

operatiun _m.h its the use of thicker specimens

or ver_ hi,_,:h ol)erating temperatures.

Tlie ili,.;lI'lltii(,l/titt, ioll flallge, wit(eli t)rovides
for seven t>la_ilmni-plalinum, 10% rhodium and

five ('hroi,e!-Alumel therinoeouple terniinals,

allows speciill(,ns to be instruniented with

eilher, or bol h, of those t,ypes of thernlooouples.

Nornlallv. :;-iliil-dianieter reference-grade wire
is used, hut wires its sniMl as 1 niil have been

used. The ltierniocoupies are installed on the

s'pe(,ilii(,ti either by resistance welding or by

burying in the substrate metal. As in previous
total emiiiance tests, scratches are made

through the coMiilgs to the base lnetal so that

the thernmcouples Cltll [)e installed. The speci-
Jlieils art, llStlltilv ilistruniented with seven

plalilililn-pJalintnn> 10070 r]lodilJln and one

(?]lronl(,1-Ahnnol t,hernloeouple, as shown ill

]lgtlre :I,(,1 -<S. Thermoeouples 1 and 7 are used

for end heater control. All t hermoeouples ure

availahle to dctern/ine the telnperature profileof

the speciil_ctl _;o that end con(hlciion losses Hilly

t)e cah'ulat(.I ac(,urlllely when eild heating is
tier used.

In addition to temperature measurements by

t hermoeouples, measurements are also made by

an opiic, I pyronleter and an infrared pyrometer.
These iiistruments are used to measure the

teniperat ure of a blackbody hole drilled through

the specimen wall. As the specimens are heated

to 1401)° F the No. 4 thermoeouple reading is

used its l i_e l)rinntry temperature measurement.

For (hl[a taken at temperatures of 1400 ° F, or

higher, the optical pyrometer reading is used

as the prim,u'y temperature measurement and

the rest ,ff lhe measurements provide reliability
data.

Voltage ineasurements for power dissipation

are niad- by selecting any (tesired set of thermo-

couple leads and measuring the voltage drop

over the segment define(t by the location of the

leads. Thermocouples 3 an(t 5 are used to

define ti,o standard test section but any other
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pair can be used by turning the voltage lead

selector switch to the appropriate set. The

distances between the thermocouple wires are

measured with the traveling microscope and are
accurate to _ 0.0005 in.

Voltage across the specimen test, section is

measured by a model _03 differential a-c, d-e
voltmeter produce(I by John Fluke M_mufae-
turing Con)pany. This instrument is also used

to determine specimen heating current t)y meas-
uring the voltage across a selected shunt. The

instrument provides ±0.2% accuracy for each

of these two measurements.ts eomp,tred to 4- 1%
accuracy for the stone measuren_ents nmde in

the previously used total emittanee rig.
Thermocouple output is measured with a

Leeds and Northrup millivolt potemiometer in

conjunction with an ice-bath reference junction.
It is estimated that thermocouph_ error remains
at ±0.5%.

A R(;-3A Vee(,<) ionization gage is used to

measure the va(.uum level in the systenl.

As with testing in the previously used total

emittanee rig, the specimen is installed in the

rig and. clamped under tension to compensate

for thernml expansion upon heating. The

ehaml)er is assembled and pumped down to a

pressure of less than 1 x 10 -6 mm IIg t)efore the
emitt, ance test is started. In cases where the

system has become contaminated the chamber

is I)aked ()tit at 350 ° F to remove the contami-

nating mate)'ial t)efore the test is begun.

Total emitt:ance of e_tch sample is usually
measured at temperatures fronl 200 ° F to
2200 ° F with at least one nleasurement for

every 100 ° F interval. Testing is usually com-

pleted in a single day, and no overnight endur-
ance test is included as part of the standard

testing procedure.

ACCURACY

The errors introduced I)3, the measuring
apparatus are discussed with the description of

each rig. The root-mean-square values of
these errors are:

%
old total hemisphericnl rig ........ 2.5

new total hemispherical rig .... 2.0

emittance endura))ce riK_ ...... 2.5
spectral emittan('e rig when used for

total hemispherical emittanee meas-

urements ..... 1.6

In addition to the ('orrection for instrument

precision, various other eorre(_tions have been
considered. A brief discussion of each of these

corrections follows. A complete analysis of

each n)ay I)e found in the designated apl)endix
to reference 1.

The correction for ehaml)er wall reflection, as

discussed i. appendix B of reference 1, is esti-

mated to t)e less than 1% eve. for the highest
emittance materials. Application of this cor-

recti(m w(>uld give a higher value of endttan('e

tha)t cal('ulated dire(.tly from e(luation (1).

In some instances, drift in the calibration of

the thermocouples was encountered. One of

these instances, described in appendix N of
reference 1, involved the use of a Chromel-

Alumel thermocouple welded to a molybdenunl

specinlen. This instance led to the use of plati-

nunl-phttinum, 10% rhodium thermocouples in

all other tests involving )nolyl)denum as the
substr_lte material. Another instance occurred
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using a platinum-platinum, 10% rhodium ther-

inocouple welded to a stainless steel (substrate)

tube with a ctlromium-black coating. While
data have not been reported in any case where

more than i16c-/o drift was detected, this effect

has not been checked in every test. Spot

checks were made, however, by reinstrumenting

the sample and comparing emittance values

before and after the change. On the total

emittance rig, the standard deviation (rms

value) of the total era|trance data, based on the

test on crystalline boron coated on one side of

a vapor blasted molybdenum strip, was 0.7_v.
Oil the endurance rig, the standard deviation

(rms value) of tiw total emittance data based

on the test on boron carbide was 0.9°7o.
Corrections were also considered for the effect

of temperature differences between the coated

and the uncoated side of a one-si(le-coated strip

specimen, and the effect of specimen "flickering"
due to tile use of 60-cps heating current (for
tests in the total emittance and endurance

rigs, only).

The magnitude of these corrections was found

to be negligible. Temperature difference be-
tween the coated and the uncoated face of a

specimen is evaluated and discussed in appen-
dix J of reference 1, and the effect, of the increase

and decrease in specilnen temperature due to
the 120-cps fluctuation in heat generation rate

(for ti_e total emittance and the endurance rigs,

wiiici_ use a-c heating) is evaluated in appendix
K of reference 1 and is negligible for these tests.

The effect of hea! conduction losses at the

extremities of the test se('tion is analyzed in ap-

pendix G, of reference 1. The results of this

analysis indicate that the correction for heat

conduction loss is generally negligible for these

tests, even without compensating end beat ap-

plied, when the temperature at the center of

the specimen is above 1000 ° F. For the test

of a molybdenum strip coated on both sides
with boron carbide and tested without end heat-

ing, this correction was applied, giving lower

era|trance values than computed from equation

(1) by the amounts shown in Figure 39-9.
In tests where emittance was measured with

compensating end heat applied, error on the
order of :t: 5(r/o from this source alone is difficult

to avoid as the temperature level is reduced

below about 350 ° F, t)ecause of the inability of

!

Z
Q
¢)

u

_--_ -- _ ---- MOLYB{)ENLIM STRIP THICKNESS-2

0_[ _ _. _ ELECTRODE TEMPERATURE-,OO'F _____

.... i"___ EMISSIVITY LEVEL - 0 7S _,_

__ ........ ! _ENGTH BETWEEN ELECTROOES - 717_._

I
oo,3oo ,oo 5oo 6oo 76o 8&

CENTRAL SF_CIMEN TEMP-'F

FIGURE 39--9.- Correction for heat conduction losses.

setting indicated end and central temperatures

precisc]y equal and because of the error in
measuring these temperatures. This effect may

also be readily seen from the results of appendix

G, of reference 1. More accurate measure-

merits ot' era|trance at the lower temperatures

could be acld_,ved by using longer chambers and

specimcn strips. The new total emittanee rig

permi(s (he use of longer specimens to improve

the accuracy of data taken at low temperatures.

RESULTS

A larg,! nmnbcr (approximately 100) of spec-
imens has been tested in the rigs described,

and new total emittance data are being generat-

ed contimlously. Examples of some of the data
obtained are shown in figures 39-10, -11, and

-12. Figure 39-10 compares total hemispheri-
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39 10. Total hemispherical emittanee .f

tungsten.
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FIGURE 39-11.--Total hemispherical emittanee of

molybdenum.
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hemispherical rig and tile spectral emittance

rig when used as a total hemispherical emittance

rig. Figure 39-12 compares typical total
emittance data obtained in tile small total

emittance rig and in the endurance rig.

"° I 1_ o9 _
T t

OCOATING$ ON -- tleOUlt_l_l[ IN
TUBE SI_CI_E N

cal emittance data obtained with a tungsten

strip specimen to those of other investigators

(ref. 2, 3, and 4). Figure 39-11 compares data

obtained with molybdenum samples, fabricated
from the same sheet of stock, in the small total

2o0 4oo 6oo eoo 10oo i:_oo 14oo _6oo

TEMPERATURE - *F

FIGURE 39-12.--Effect of temperature on total hemi-

spherical emittance of aluminum phosphate bonded

mixture of nickel-chrome spinel and silicon dioxide

on type 310 stainless steel.
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40--APPARATUS FOR THE MEASUREMENT OF

HEMISPHERICAL EMITTANCE AND SOLAR

ABSORPTANCE FROM 270 ° TO 650° K

BY T. W. NYLAND

NASA LEWIS RESEARCH CENTER, CLEVELAND, OHIO

A steady-state heat-balance method is used in making measurements of total hemi-
spherical emittam'e, solar absorptance, and the ratio of solar absorptance to emit.tanee.
Equations are developed that relate the radiant properties to the test procedure and appara-
tus. The system utilizes 1-inch-square test samples, which are mounted on an electrically
heated, temperature controlh_d plate. Automatic temperature control is employed to
increase accuracy in maintaining temperatures. An evacuated low-tcmperature radiation
receiver is used for the test environment, and a carbon arc is utilized as the source of solar
simulation. An error analysis of the system predicts a nominal accuracy of + 5%.

The prediction and control of temperature

in space systems requires knowledge of the
radiation properties of vehMe surfaces. In

both active and passive satellite temperature-
control systems, coatings with particular emit-

tance and/or 'd)sorptance properties are selected

t.o obtain desired thernlal equilibrium condi-

tions. For many space power systems, radia-

tors comprise a large percentage of system

weight, and the emittanee properties of the

ra(liator surface influence the weight to a large
degree. For radiators oper,Lting at 650 ° K or

less, the radiated power is sufficiently low that
the ahsorbed incident solar flux must also be

considered it, thermal analysis of such systems.
Thus, the measurement of the emittance and

absorptanee of surfaces and coatings are im-

portant in the development of space systems.

Many problems involving coatings for space
systems have been encountered in w_rious

projects undertaken at the l.ewis Research

('enter. Equipment for measuring spectral
emittanee an<l reflect an(,e of materials has heen

availat)le at the (?enter for some time, but not

equipment for making easy arm ,_eeurate

measurements of total hemispherical emittance

and normal solar ahsorptance. Since the latter

measurements wouhl be useful for preliminary

screening of various test samples, suitable
equipment has recently heen developed. (Total

A
C

1/I

O

OE e n

01
Orac

Qrad in

q
(_ei

l

hemispherical emittance and normal solar

absorptance are hereimffter referred to as emit-

tanee and solar ahsorpt_nee, respectively.)

An energy-balance method is used in making

the measurements on 1-inch-square test samples
at temperatures from 270 ° to 650 ° K. An

ewLeuated liquid-nitrogen-cooled radiation re-

ceiver and a high-current-density carbon _tre are

used to obtain the required test conditions.

Temperature-control equipment is utilized to
sintplify the test procedure. Similar measure-

ment techniques are described in references 1
to 4.

SYMBOLS

exposed surface area, em 2
sample specific heat, (watt-see)/(gram)(° K)
sample mass, grams
power absorbed by specimen from external

source, watts
internal heat generation, watts
unknown energy losses, watts
power stored by specimen thermal mass due to

non-steady-state condition
power ra<haled from receiver to specimen,

watts
power radiated from specimen to receiver,

watts
exl(_rnal incident flux, watts/era:
electrical internal power input per unit area,

watts/era 2
time, sec
effective at)sorptanee of receiver for sanq>le

radiation

393
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a., absorptanee of sample surface for receiver

radiation

a,s absorptance of sample -surface for solar

radiation

_r effective receiver emittance

E. sample emittance

Or radiation receiver temperature, o K

0, sample temperature, ° K

a Stefan-Boltzmann constant, watts/(cm 2) (o K9

HEAT-TRANSFER ANALYSIS

The equations relating the radiation param-

eters to the temperature of a surface in a space

environment can be derived by applying an

energy balance to a test specimen. The result

ing equations can be transformed under various

assumptions to a form from which the emittance,

solar absorptance, and/or the ratio of solar

absorptance to emittance can be calculated
from measurements of temperature and power.

Figure 40-1 illustrates a test specimen with a

coated test surface suspended in a vacuum sur-

rounded by a radiation receiver. The test

specimen has a source of interred heat genera-

tion, and is mounted in a system such that the
coated test surface can be irradiated with an

external source of sinmlatcd solar radiation.

Applying an energy balance to the test

specimen results in the following general

equation:

Q+Q,o=+Q_.d,o=Q_.ao._+Q,,¢+QL (1)

The terms Q,,d ,., Qr._ out, and Q apply only to

energy emitted or absorbed by the test surface.

QL includes all other energy exchange terms

applicable to an energy balance on the test spec-
imen. Each of these terms can be expressed

,'-COATED TEST

/ SURFACE-AREA A \

TEST /

SPECIMEN_ / ,_

I I_-Q .,,...-.____k E X T E R N A L 1

I .---_(RAD,AT,O )

"-RADIATION RECEIVER

FXGVRE 40-1.--Schematic diagram of heat balance.

in fundamental heat-transfer parameters as
follows:

Q = a_sqA

Q,o.=q,A

Q_.d,_= ot,,_,(rA 04,

-- 4
Qrad out -- a,sesaAO,

Q.,, =mc dO_

q_=/(o_, o,)

Substituting these terms into equatmn (1)
results in

o_sqA _Aq_ + _,_,_AO_

dO_ 0 o,) (2)
=_AO_+mc _{+J( _,

Equati,m (2) can be simplified by making four
basic assuml)tions:

(1) TIw receiver has the properties of a

blackbody cavity

(2) The ratio

_s

(3) Steady-state conditions exist during tests

dO,
_=0

(4) N,, external energy loss occurs in the

m, m n ( ing arrangement

/(o,, o,)=0

The resulting' equation is

o_,_+q.=_(o_-o_) (3)

Setting various test conditions on the system,

the parameters a,,s, e,, and the ratio a,s/e_ tail
be found:

Conditions for the emittance test:

.. - (o__o_) (4)

Conditions for the a/,s_, test:

q_=o 0;<<0_

a_S__=,,0_ (5)
q
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Conditions for the solar-absorptance test:

q=0

and thus,

_ 4 4
q_h--e'a(0_l--0rt) (6)

q=SC or a solar constant

__ 4qo,,_+q._--e,_(_--Or_) (7)

Subtracting equation (6) from (7) with 0,,--=0_2

and 0, =02 gives

q_q-- q,_2
o,,_ (8)

q

Equations (4), (5), and (8) indicate that the

emittance, the ratio of absorptance to emit-

tance, and the solar absorptance can be meas-

ured by using an evacuated blackbody low-

temperature receiver, a source of solar energy,

a test specimen capable of internal heat gen-

eration, and a support or mounting assembly
that eliminates external energy losses from the

specimen.

TEST APPARATUS

The test equipment consists of the following

components: the test specimen, the test cham-

ber and associated vacuum system, the test

specimen mounting assembly, the carbon-arc

solar simulator, and two automatic tempera-
ture controllers.

Test Specimen

The test apparatus is designed to use 1-inch-

square test samples. The test sample is

applied or bonded to a back-up plate shown in

figure 40-2. Aluminum, 0.060 inch thick, is

preferred as the back-up plate material because

of thermal-conductivity considerations. The

buck-up plate and test specimen are hereafter

referred to as tile test specimen. Two 0-80

tapped holes are used to attach the test specimen

to the heater plate, which is described later.

Test Chamber

A schematic diagram of the test chamber

and vacuum system for the emittance test is

shown in figure 40-3A. The outer chamber

consists of a 25-inch-long, 8-inch-diameter

stainless steel cylinder with bolt-on end flanges

using neoprene O-ring seals. The radiation

--T--
1/2"

N- ...... -/"
I I

Ii iI
l-;-

l

I"

"_'- 0-80 TAPPED
| HOLES

TEST

SAMPLE__

.06 "-'._14_d J "-BACK-UP PLATE

i--s/8"-- i

FIGURE 40-2.--Test specimen and back-up plate.

rTEST SPECIMEN

/ COOLANT

/ OUTLET
tON _ RADIATION [1

GA[]GE/ RECEIVER, _l

" 'Nr--Ti 
TEST SPECIMEN.I_ ] BLACKEN E0 III I Itl:
MOUNTING ." l_l l ", lU

FLANGE _" _'_"I_ i'll r '_-/74J-
ii i , I LCOOLANT

O,%0ENV
COOLANT INLET J TO VACUUM SYSTEM

A

r CALROO
HEATER n

THERMOCOUPLES _ tt "j , f I rOUARTZ
--' "',-L ...... JL,_:W_NOOW

_ ...y__. _ _

B

FIGURE 40-3.--Test chamber. A--Test chamber

setup for emittance tests and low-temperature

absorptance tests. B--Test chamber insert for

high-temperature absorptance tests.

receiver consists of a hollow cylinder 22 inches

long and 6 inches in diameter and is located
concentrically inside the outer chamber. The
inside surface of the radiation receiver is

blackened with carbon soot and is cooled with

either liquid nitrogen or water. The test-

specimen mounting assembly is supported from

a flange on the left end of the chamber. The
emittance tests are made with the right flange

fitted with a coolant container in which either

liquid nitrogen or water can be circulated. A

quartz window replaces this assembly when

the absorptance or ratio tests are run.
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For absorptance tests at 450 ° K or above, a

heated tube is positioned inside the radiation

receiver as shown in figure 40-3B. The purpose

of the tube is to reduce the net steady-state

emitted power from the test specimen so that
the difference in power measured with and with-

out irradiance is large in comparison to the

net power rediated from specimen to receiver.
This in effect increases the sensitivity of tile

power measurement.
The tube is supported from an end flange,

which is bolted to the outer chamber. The

test-specimen mounting assembly is inserted
into the center of the tube. The tube is 3

inches in diameter and 16 inches long and is

made from ¼-inch-thick copper blackened on

the inner surface. A (!alrod type heater is
silver-soldered to the outside surface of tile

tube. Iron--constantan thermocouples are peened

into the outside surface and spaced so that the

temperature is measured at distances covering

constant hemispherical angles as seen from the

test-specimen plane. The temperature of the

tube is controlled manually.

A line diagram of the vacuum system is
shown in figure 40-4. The pumping system
can evacuate the test clmmber to 10 -'_ torr in

15 min and 10 -+ torr in 30 rain with liquid

nitrogen in the 3-inch baI/le and water in tile

radiation receiver. The ultimate pressure of

the system is less than 10 -7 torr with liquid

nitrogen in the receiver. Pressure measure-

ments are made with two ion gages, one located

near the test specimen, and the second in the

area above the ion pmnp. Normal working

pressures are 10 -_ torr, where heat transfer by
molecular conduction compared to heat transfer

by radiation is small.

ION GAGE_?

JTEST CHAMBERJ

__} rS" GATE VALVE

¼" BLEED VALV _/;5" BAFFLE

L.-I _DIFFUSION PUMP

ROUGHING | I

?gP SL_J
LION PUMP LFORE PUMP

280 L/SEC 5 CFM

FIGVRE 40-4.--Vacuum system.
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Test-Specimen Mounting Assembly

A cutaway drawing of the test,-specimen

mounlin_ assembly is shown in figure 40-5.

The test sl)ecimen is held with two 0-_0 cap

screws to a 0.96- by 0.96- by 0.120-inch

alunlinum heater plate. A series of grooves

is n_illed part way through the plate, and a

length of 36-gage glass-coated Chromel wire is

cemente({ ill(O each groove. This wire provides

the resist iv(_ heating element required for the

internal-energy generation in the test specimen.
The heater wire is terminated on a glass-to-

metal fe(,(Itltrough, peened into the back surface

of the ahtminum plate. A 36-gage iron-

constaT_tan thcrmocouple is peened into the

top surface of tile plate and is used to measure

the tem i)eratm'e of the test specimen.

The ]water plate is centered inside a tempera-
turc-controlled heat shield as shown in figure
40 5. The beat shield is made of aluminum

an(t is in the form of a square cup having outside

(limensio}ls of 1_/ hv lh/ bv 3/ inch and inside
/2 . _ /4

dimensions of 1_ by 1_(_by _/ inch. A 32-gage

glass-coaicd iron wire is cemented in a series of

grooves ,l_illcd on the outside surface and is
used as the treating element for the shield.

A 3G-g':c_c iron-constantan thermocouple is

I)eencd iIlto an inside surface of tile shield and

used for te_q)erature-measurement and control.
The inside surfaces of the shiehl are blackened

with carbon soot.

For tim pro'pose of reducing heat losses from

tim edge of the test specimen, a mask is placed
on the outside surface of the heat shield and is

adjusted so that the slot width between the

test-st)ccim(_n surface and heat shield is
minimized.

Four thermally-insulated screws are used t,o

center tile heater plate in tile shield. 32-gage

TEST SPEC/MEN

HEATING ELEMENT
1

/-TEST SPECIMEN

THERMOCOUPLE/_HEATERLEADS--, PLATE

  ,NSOLATE SCREW
SPECIM _ ELEMENT
POWER LEADS _

I

LHEAT SHIELD

Fiova_ 40-5.--Test specimen mounting assembly.
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THERMOCOUPLE

FIGURE 40-6.--Test specimen mounting assembly

with flange.

copper wire is used to extend the power leads

'from the beater plate through two electrically

insulated boles in the bottom of the shield.

These wires ternlinate on two standoffs located

on the back surface of the shield. Pairs of

potential leads and power lea(Is arc then

wrapped twice around the shieht for tempera-

ture stabilization (about 15 inches of wire)

and brought out through the mounting flange.

The power leads for the shiehl are also wrapped

in a similar manner.

The heater plate and shiehl assembly are

supported from a stainless steel flange by stain-

less steel tubing. Two glass-to-metal seals are

used to bring the power and thernmcouple leads

througil the flange. Figure 40-6 shows sonic

of the detail.

The test specimen can be mounted to the

heater plate without removing the heater plate

fronl the cup assembly. The 0-S0 cap screws

are inserted through two holes in the bottom

of the heat shieht and into tim test. specimen.

In this manner, tim need for instrun_enting

each individual test. specimen is elilninated,

since the same heater plate and thermocouple

are used for all test specimens.

Solar Simulator

The solar simulator, consisting of a modified

carbon arc source and an optical system, is an

in-house developlnent of the Lewis Research

Center. A commercial carbon arc source has

been modified to burn 10-ram diameter positive

carbons at 150 amp. A fused-quartz refractive

condensing system is used to form a X 3 magni-

fied image of the arc. This image is located at

the focus of a spherical mirror that forms a

collimated beam of radiation. To maximize

the uniformity in tile target plane, one of the

condensing lenses is imaged in the target, plane.

By use of suitable optics, a portion of tim beam

.CURRENT
i

VOLTAGE- _ _ ///

__ _ "- _ POWER MEASUREMENT --_ "

TEST I -I_

SPECIMEN-/_ ][ T
HERMOMETER;, _--__

, _ _ 4 I

COLD ,.,IrlU_ - l i I SWITCHING

JUNCTIONJ ; " I CIRCUIT
L_ _J

POTENTIOMETER

SET POINT

REFERENCE

/

HEAT //
SHIELD J

AMPLIFIER

FIGVRE 40-7.--Temperature control system.
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is directed toward a photovoltaic cell, which acts
as a radiation monitor and sensor for an auto-

matic intensity-control system. The plane of

the photocell is conjugate to the target, plane

in the system. A movable lens in the condens-

ing system is automatically positioned to com-

pensate for variation of the source irradiance.
Initial calibration of the system for one solar

constant of irradiance is accomplished by plac-

ing a calibrated narrow-angle pyroheliometer in
the target plane. Tile irradiance in the colli-

mated beam has been measured to 2% and is

controlled to within _% of a constant value.
Variation of the irradiance over the 6-inch-

diameter beam in the vicinity of the test plane

is 2% when measured with a sensor whose

sampling diameter is 2% of the beam diameter.
More details of a similar source are given in
reference 5.

Automatic Temperature Control

A diagram of the temperature measurement

and control system is shown in figure 40-7.

The purpose of the control system is to inake the

temperature of the test specimen and the heat
shield the same so as to eliminate extraneous

heat losses from the test-specimens assembly.

A null method is used for control employing two
similar control systems for the test specimen

and heat shield. A switching circuit provides

a means to measure the temperature set-point

voltages externally with a potentiometer and

balance tile heat-shieht set point against the

test-specimen set point.

The iron-constantan therinocouples from the

test specimen and shieht are referenced to colt]

junctions and applied to the set-point voltages.

The differences between the thermocouple

EMF and the set-point voltages are detected
with commercial null meters built into the

control system. The voltage supplies for the
set points are stabilized witil temperature-

compensated Zener diodes.

A power amplifier, similar to that used in

reference 6, is placed across the indicator circuit
of the null meter. A differential amplifier

drives a two-stage transistorized power ampli-

fier to provide the controlled current to he_t

the test specimen or heat shield. The current

in the test-specimen heater is measured in the

form of a voltage drop across a calibrated series

resistor. The voltage is measured with poten-

tional leads brought out from the heater plate.

A potentiometer is used to make these measure-
ments.

ERROR ANALYSIS

An error amdysis has been made to determine

the at'curacy of the measurements and the mag-
nitude of error inherent in the measurement

technique. A discussiou of a number of system-
atic a.d r,_mdom errors associated with the

test apparat(Is along with the general procedure
used to determine the relative magnitudes of
error follow_.

SYSTEMATIC ERRORS

Blackbody Assumption

A source of systematic error is introduced in

the measurements because of the design of the
radiation receiver. Values for the effective

radiant emission from the open end of a closed

cylinder were found in reference 7 and given as

a functio_t .f the length-to-diameter ratio and
actual surface emittance. The values were

obtained from equations derived under the

assuml)ti()n that the surfaces emit in a gray

diffuse manner. The emittance of the cylinder

surface was assumed to be 0.95 or higher, and it
was estimated from the tables that the effective

emitta.c(_ of the cavity is no less than 0.9(,).
In netzh'('ti,_ a receiver emittance of 0.99, an

error of less than 1.S°-/v is introduced into the
nleasurrlnent and results in a lower emittance

or ratio who. not considered.

Test-Specimen Edge Loss

l_a(li_.t-_,.ergy exchange between the test-

specimen e(tges and the enclosure creates a
second source of systematic error. Calculations
were m_t(h, {o determine the relative amount of

tlux emitted from the test-specimen edges

through the space between the heat shield and

the specinlen surface. A configuration factor

of less tha,,_ 0.075 was estimated from compu-

tations made using an equation given in

referea('e S. (The relative amount of heat lost

can be determined by multiplying this factor

by the area and emittance ratios of edge to

specimen.) For a specimen with emittances

greater than 0.3 (estimated edge emittance),

the error is less than 1.8%. The calculated

emittance is higher when this factor is neglected.
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Test Specimen Nonuniformity

A third source of systematic error is intro-

duced because of the nonuniformity of the test-

specimen surface caused by the presence of the

mounting screws. These screws are normally
set flush with the test-specimen surface and

have a low emissivity. Tile ratio of the screw

to test specimen area is approximately 0.005
and thus the maximum error is estimated to be

less than _v-/v, the calculated emittance being

smaller when the term is neglected.

Thermocouple Placement

Placement on the heater plate of the thermo-

couple used to measure test-specimen tempera-

ture introduces a fourth source of systematic

error. Since reliance is placed on conductive

heat transfer between the heater plate and the
test specimen, a high termal resistance due to a

small contact area between the two pieces can

produce large temperature errors if warped test

specimens and/or heater plates are used. Both

heater plates and test specimens are lapped to

ensure a high degree of flatness. Tests have

also been run with a number of thermocouples

placed on the front surface for the purpose of
comparing average surface temperatures with

those measured with the heat plate thermo-

couple. Differences of 1.5 ° K at a specimen

temperature of 500 ° K have been found between

various readings and would result in a 1.2%
error in emittance measurement. The emit-

tance is lower when this error is neglected.

,_'s,/_s Assumption

The assumption that _,,/_---:1 introduces

another source of systematic error, because the

real-temperature difference term in equation
(3) becomes (0_4- (_,/_)0_ 4) when this ratio is

considered. The ratio a,/e, for small tempera-

ture differences is normally considered equal to
1. At large temperature differences, 0_4>>

(,_,/_) 02 and (_,/e_) 0,4 can be neglected. It is

of interest, however, to determine the magni-

tude of error associated with this assumption.

For purposes of calculation, it was estimated

that the ratio could range between 0.5 and 2.

The calculated emittance is found to be in

error from 0.3 to --0.6% when values for

a,,/_, of this order are not considered (at

0,=270 ° K, 0,=77 ° K).

from 270 ° to 650 ° K 399

Gas Conduction

Free molecular gas conduction was considered

as another source of systematic error. By
Knudsen's theory of gas conductivity and

equation (1.138) in reference 9, the amount of

heat conducted from a test specimen at tempera-

tures and pressures encountered in the experi-
ments was computed and found to be of the

order of 0.9 mw at a test-specimen temperature
of 650 ° K. For comparison purposes a 1-inch-

square black surface would emit 6.5 watts at

650 ° K and 0.2 at 270 ° K. Thus, for low
emittance, heat losses of the order of milliwatts

will produce sizeable errors in the emittance
calculations.

RANDOM ERRORS

Instrumentation Accuracy

An analysis of the system components indi-

cates that a probable error of the order of 1.5%
is introduced because of the limitation of the

instrumentation. The major portion of this
error is associated with the temperature meas-

urement, whose estimated accuracy is -4-1 o K.

As the emittance and the ratio of solar absorp-
tance to emittance is a function of the fourth

power of the temperature, the -4-1 ° K uncer-

tainty in temperature causes a 1.5% un-
certainty in the calculated emittance or ratio

when measurements are made with the test

specimen at 270 ° K and the receiver at 77 ° K.

It should be pointed out that this error does

not exist in the absorptance measurements
because the equation is independent of

temperature.

The power measurement is estimated to have

an inaccuracy of less than _%. Potentiom-

eters with suitable voltage dividers are used to

make the measurements of voltage and current

in the test specimen.

Measurement of the area of the test specimen

is considered accurate to _v/c. The specimen
dimensions are measured with a micrometer.

Test-Specimen and Heat-Shield Power Losses

Random errors are introduced into the

system depending on the degree to which the

test-specimen and heat-shiehl temperature can

be maintained equal. Since heat is transferred

between the two components by radiation,

gaseous conduction, and conduction through the
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power leads and spacing screws, a calculation

with any deg'ree of accuracy is difficult. There-
fore, tests were eon(hwte(t to determine tile

degree of thermal coupling between the two

components. The test procedure involved

ineasuring the amount of power required to

hold the test specimen at a constant temper-

ature (0,--450 ° K) while varying the heat-shieht

temperature. The differences in power were

then determined and a plot of the change in
power against temperature difference was

obtained. Froxn the slope of this curve at tim

origin, an overall heat-transfer coefficient of

5 row/° K was found to exist between shield and

test specimen. Under normal operation the

heat shiehl and specimen are controlled to with-

in _o K of each other, which is sufficient to
eliminate this source of error from all but low

temperature low-enTittanee tests.
Another source of random error considere(l

in the system would occur if temperature gradi-
ents existed on the inside surface of the heat

shield. The heat shiehl was designed to elimi-

nate this source of error by making use of large

thicknesses of alunfinum and applying the

heating power throughout the entire shieht
assembly.

SUMMARY OF ERRORS

The error analysis indicates that a number of

the errors investigated are functions of tile

emitted power and absolute temperature at, the

measurement point. "i'he largest uncertainty
in an emittam'e measurement will occur at the

lowest tenperature and with specimens of low
emittance. In summing the positive and nega-

tive uncertain( ies and estimating tile extraneous

heat losses, tile actual emittance will range

betweerT 2.1e/_ higher to 4.0% lower than the
measured em it lance with a variation of less t, llan

±0.01.

PRELIMINARY RESULTS AND CONCLUDING
REMARKS

Pr('limi_m:'v tests have been conducte(l to

(h, termin(, tho operating chara('teristies of the

system. Xl(msuroments of emittan(,e anTI solar

_tl)SOl'l)lltll('(' {18.V(' })('en nla(t(' ill the 270 ° lo

500 ° K teraperature r,mge. Ill figure 40-8, results
of a l)r,'limi_Lary ('rail(ante test for ,t titania bus(,

pow(h'r :_r,' presente(I. Also plotted are (,rail-

tan('(' valu(,s I'or a similar pow(h,r obtaim'(I from

referenT'(' 1(). ]{('p(,atibilily of the emittan('e
monsm'(,m(,ttts have be(,n better tha_l 2(70.
()ther [ll(,;i_llreUll,nls hllv(, he(,ll nla({e Ol, Sltln-

ples r_ngi.g O. 1,5 to 0.92 in emittance.

M('asuremenls are presently |)eing ninth, of

the emittan('(' and absorptan('e of thin fihns for
use iTTa sat('llite systenl. Fulure leslg will in-

volv(' llwaStll'elll('llts Of the absorptan¢'e of

Cel'al,,i('s ((> })e l,SCt({ ill ]ow-t(,ntp(,rature spat('

radiators.
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DISCUSSION

J. ALLYN, Sandia Corporation: In reading the pre-

print of this paper, I was interested in the ratio, sample-

to-receiver absorptance over emittance of the sample,

and the demonstration that for reasonable assumptions

this ratio can be neglected. The paper quoted sample

temperatures--one sample temperature of 270 ° K, a re-

ceiver temperature of 77 ° K-- and showed that this

assumption caused no difficulty. I wonder whether you

checked this assumption for some of your higher sample

temperatures and, presumably, for different receiver

temperatures.

NYLAND: We use liquid nitrogen for the low-tempera-

ture receiver for all the emittance tests. When we

made the calculation it was assumed that the low tem-

perature 270 ° K would be the worst case. We have not

made any calculations, but I thought it w'ts apparent

that the low temperature end is the one to worry about.

ALLYN: Could you, just for the record, give us the

point in your experiment at which the chamber tem-

perature was cooled with water? Did this start at, say,

a specimen temperature of 300 ° K on up or what?

NYLAND: We have not used the water very often on

the emittance measurements. It would be used at the

high temperatures where the fourth power of the cham-

ber was small in comparison to that of the specimen.

ALLYN: At the high end, say, starting at 500 ° K?

NYLAND: Possibly. Yes. And if the sample were

clean and there was no requirement for cryopumping.

DRUMMETER, U.S. Naval Research Laboratory: Did

I understand your curve to indicate that you found a

marked difference in absorption, that is solar absorp-

tance, with a difference in thickness of aluminum from

0.1-1u?

NYLAND: Yes.

DRUMMETER: How do you account for this? Is the

surface ofa 1-/_ coating severely degraded? I had in mind

that 1000 ,_, which is what your 0.1 # is, is essentially

tdrcady opaque.

NYLAND: ()n those specimens for which we have data

the 0.1 _ thickness of ahuninum was begitming to be

transp:trent. Ahsorption was taking place in the mylar

film beneath it.

DRUMMETER: The ratio still surprises me. Do you

see cracks at gtll in this fihn? I mean, is this an integral

film?

NYLaXD: No. There were no visible cracks in this

specimen.
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STANDARDS

BY JOSEPH C. RICHMOND, WILLIAM N. HARRISON, AND FREDERICK J. SHORTEN

NATIONAL BUREAU OF STANDARDS, WASHINGTON, D.C.

A double-beam ratio-recording infrared spectrometer was modified to record directly
the normal spectral emittance of strip specimens that are heated by passing a current through
them. A laboratory blackbody furnace and a hot specimen at the same temperature serve
as sources for the respective beams. Temperature equalization is achieved by means of a
differential thermocouple. Automatic data-processing equipment corrects for "zero-line"
and "100%-line" errors on the basis of previously-recorded calibrations, and also computes
from the spectral data, as the measurement progresses, total emittance or absorptance for
radiant energy having any known spectral distribution of flux.

This paper describes the development of

equipment and procedures' for tile measure-

ment of normal spectral emittance of metals

and other materials that can be heated by

passing a current through them, at tempera-
tures in the range of 800 ° to 1400 ° K, and over

the wavelength rangc of approximately 1 to

15 u. The equipment includes a data-proc-

essing attachment to automatically correct for

calibration errors of the spectroradiometer, to
record the corrected spectral emittance on

punched paper tape in a form suitable for

direct entry into an electronic digital computer,
and to compute a single value for total emit-

tance from the recorded spectral emittance.

In only a limited sense does the report cover
the development of thermal emittance stand-

at(is as such, although the selection and calibra-

tion of working standards of normal spectral
emittanee was included among the objectives.

In a broader sense, it points out the need for
standardization in the entire field of thermal

emittance measurements, and in the fiekl of

terminology it makes several definite recom-
mendations.

This paper is intended to be an elementary

treatise covering the many elements involved
in the production of thermal emittanee stand-
ards.

i The work was done under the sponsorship and with
the financial assistance of the Aeronautical Systems
Division, U.S. Air Force.

DEFINITIONS

Several important items of nomenclature in

the fieht of electromagnetic radiation have not

been firmly established. Different meanings

are gscribed to the same words by different
individuals, and some of the conflicting defini-

tions have been adopted by different technical

and scientific organizations of national scope.

The terminology used in this investigation
follows that of Worthing (ref. l) in that the

word-emling "ivity" is reserved for the proper-

ties of materials, and "ance" for the properties
of specimens. The word-ending "ion," as in

reflection, absorption, and transmission, is

applied to acts or processes, rather than

properties.

All bodies are constantly emitting electro-

magnetic radiation as a result of the thermal

vibration of the particles, atoms and molecules

comprising the body; this process is known as

thermal emission, an(t the rate of such emission

per unit area is often referred to as thermal

emissive power.
Radiant flux is the rate of flow of radiant

energy.
Emittance is a property of a specimen; it is

the ratio of the emitted radiant flux per unit

area to that of a blackbody radiator at the same

temperature and under the same conditions.

A blackbody absorbs all radiation incident

upon it and at any given temperature has the
maximum possible rate of thermal emission.
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An ideal blackt)ody is a complete enclosure with

opaque walls at a unil'orm temperature. The

anlount, and also the geometric and spectral

(or wavelength) distritmtion of radiant flux

emitted, per unit area, by a blackbody tit a

given temperature can be computed from
the Stefan-Boltzmann relationship, Lambert's

cosine law and tin, Planck radiation law, respec-

tively. Imboratory t)lackt)ody furnaces which

radiate energy are approximate hlackhodies,
t)ccausc the opening through which the

radiant: energy is emitted destroys the ideal

character. The extent to which they (tcviatc

from the ideal depends upon such factors as the

relative size of the opening, the cmittance of the

inside surface, and the thermal gradients tlmt

may be present in the cavity. The rate of

thermal emission of any real specimen is less

than that of the bla('kbody at the same ten>

peraturc.
Emissivity is a special ease of cmittance; it. is

a fundamental prop('rty of a tnatcrial, and is

measured as the (,mittance (,f a specimen of the

material which has an optically smooth sur-

face,: and is sufficiently thick to be opaque.

Reflectance is a t)roperty of a specimen; it is
the ratio of reflected radiant flux to incident

radiant flux.

Reflcctivity is a special ('asc of reflectance; it

is a fundamental property of a material, and is

measured as the reflect_tncr of a specimen of
the material that has an opti('ally smooth sur-

face, and is sufliciently thick to be opaque.

Transmittance is a property of a specimen;
it is the ratio of transmitted radiant flux to

incident radiant flux.

Absorptance is a property of a specimen; il
is the ratio of absorbed radiant flux to incidcxlt
radiant flux.

Absorptivity is a spc('ial case of absorptancc;

it is a fundamental property of a nmtcrial and

is measured as the absort)tan(re of a specimen

of the material that has an optically smooth

surface and is sutficienlly thick to be opaque.

A specimen is opaque when none of the

radiant energy incident upon it is transmitted

through it.. All materials theoretically require

infinite thickness to become opaque. In prac-

Any surface contamination may alter the thermal

radiation properties, hence a contamination-free surface

is also essential.

tiee, a specimen is considered to be opaque when
the transmitted radiant flux is too small to be

detected, a condition which occurs at a very

small thickness for some materials, and at great

thicknesses for others. The thickness required

for a specimen to be opaque also varies with

the wavelength of the incident flux, for any
one material.

All of the properties that are defined above

vary with the spectral (or wavelength) distri-

bution of the radiant flux. All are temperature

dependent, some strongly so, and others only
moderately. All of the properties are influ-

enced t)y the angular distribution of flux in the ra-

diant energy. All of the properties that pertain

to specimens are influenced by the surface tex-

t.ure of thr specimen, and by the thickness,

unless the specimen is opaque.

Since the emission, reflection and absorption

characteristics of a specimen are influenced by

the direction of propagation, relative to the

surface, of the emitted, incident, or reflected

energy, and by the spectral distribution of
radiant flux, west of the terms defined above

nmst be qualified in order to convey precise

meanin_._. For refleetion, the direction of

propagation of both the incident and reflected

radiation must be specified. Specular, re-

ferring to reflection, means in the direction of
mirror reflection. Diffuse, referring to re-

flection, means in all possible directions.

Emission in all possible directions is referred

to as hemispherical. When limited directions

of propagation are involved, the word direc-

tional n_ay be used. Normal is a special case
of directional, and means in a direction normal

to the surface. For other directions, the angle
of deviation from the normal is stated. The

terms nonmd and directional apply strictly

to beams of pandlel radiation, but are also
used for beams contained within a small solid

angle, in which case the direction of propagation
is taken as that of the axial ray. Since all

laboratory sources, specimens and receptors

are of finite size, significant deviations from

parallelism exist in all laboratory instruments.
Hence the source and field apertures should be

specified to define the extent of such deviations

from parallelism.

Radiant energy having a stated wavelength,

or more prccisdy, that is within a narrow
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wavelength interval centered on a specified

wavelength, is referred to as spectral. Spectral

emittance at a stated temperature is frequently

plotted as a function of wavelength to produce

a spectral emittance curve. The word total

as used to modify terms describing thermal

enlission characteristics, nleans that the modi-

fied term pertains to the integral of rates of

spectral emission at all wavelengths.

Some examples of the qualified expressions

that are required to convey precise meanings

are: "total hemispherical emittance at 500 ° K,"

"normal spectral en_ittance at 1400 ° K in the
wavelength interval 1 to 15 _," and "spectral
diffuse reflectance from normal illumination

over the wave-length interval 0.3 to 3.0 u."

CONSIDERATIONS IN SELECTION OF EQUIP-

MENT AND PROCEDURE

In general, accurate absolute measurements

of radiant energy are not easy to make. Com-
parative measurements of radiant energy can

be made more readily. For this reason it ap-

pears logical to base emittance determinations

on direct comparison of the radiant flux from a

specimen at a given temperature to that from a

comparison standard.

Since any comparison standard other than a

blackbody furnace must be calibrated against a

blackbody furnace at each temperature af test,

and even then nlay change with continued use,
it is desirable to use a blackbody furnace as the

comparison standard.

The total radiant flux density of a blackbody

varies as the fourth power of its absolute tem-

perature. Thus, even a small error in tempera-

ture measurement could lead to a large error in

emittance. Emittance, however, and particu-

larly spectral emittance, varies only slightly
with small changes in temperature. The critical

requirements with respect to temperature con-

trol in the determination of emittance are (a)

that the thermal gradients over the surface of

the specimen and comparison standard be re-

duced as far as praticable, and (b) that the

standard and specimen be kept at the same tem-

perature within acceptable tolerances. A ther-

mocouple produces an EMF that is a function

of the temperature difference between the hot

and cold junctions. Thus, small temperature

differences can be measured more accurately by

a single direct measurement by means of dif-
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ferent thermocouple systems. Thus, it is de-
sirable to use a differential thermocouple with

suitable instrumentation to maintain the speci-

men and the comparison standard at the same

temperature.

The spectral emittance curve of a solid ma-

terial heated to a temperature below its melting

point does not show the sharp peaks and valleys
that are characteristics of the emission and

absorption curves of solutions and gaseous lua-

terials. Hence, prisn_ n_onochron_ators with
relatively wide slits are suitable for use in spec-

tral enlittance detern_inations, in spite of their

rather poor wavelength resolution, because they

pass relatively large amounts of radiant flux for
measurement over a side spectral range. The
use of a variable-width slit is desirable so that

in wavelength regions of low radiant flux the

amount passed can be increased by broadening

the wavelength band accepted for nleasurement.

Thus, the available radiant flux irl the colnpari-
son beam can be maintained at a level conl-

mensurate with the sensitivity of the detector.

DEVELOPMENT OF EQUIPMENT FOR NORMAL

SPECTRAL EMITTANCE MEASUREMENTS

The general plan that was followed in de-

veloping equipment for determination of nor-

real spectral emittance was to use a double-

beam ratio-recording infrared spectrometer

with a laboratory bhtckbody furnace and a

heated specimen as the respective sources for
the two beams. With this arrangement the

instrument will record directly the normal

sprectral emittance of the specimen, if the

following conditions are met within acceptable

tolerances: (1) the temperature of the specimen
must be the same as that of the blackbody

furnace; (2) the optical path length in the two
beams must be equal or, preferably, the instru-

ment must operate in a nonabsorbing atmos-

phere or a vacuum, in order to minimize the
effects of differential atmosphel'ic absorption in

the two beams; (3) front-surface mirror optics

must be used throughout, except for the prism,

and equivalent optical elements must be used
in the two beams in order to minimize attenua-

tion of the beams by absorption in the optical

elements; and (4) the source and field apertures

of the two beams must be equal in order to
ensure that radiant flux in the two beams

compared by the apparatus will pertain to
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equal areas of the sources and equal solid angles
of emission.

It soon became apparent that the conditions

specified under 2, 3, and 4 were not metwithin
sufficiently close tolerances to permit direct

recording of normal spectral emittance with the

equipment described. It was necessary to use

a second, or reference, laboratory blackbody
furnace, identical to the first, or comparison,

blackbody furnace, in order to correct for these
errors.

Description of Spectrometer

The Perkin-Ehner model 13 spectrometer

used for the measurements is equipped with a

wavelength drive that provides automatic

scanning of the spectrum of radiant flux, and a
slit servomechanism that automatically opens
and closes the slits to minimize the variations

of radiant flux in the comparison beam. Three

prisms were available: (1) fused silica, to

cover the spectral range of 0.25 to 3.5 u, (2)

sodium chloride _o cover the spectral range 0.7

to 15 u, and (3) cesium bronfide to cover the

spectral range of 15 to 38 u. Several photo-

multiplier detectors were available for use in the

spectral range of 0.25 to 1.0 u, a lead sulfide

detector for use in the spectral range 1,0 to 2.0 #,

a vacuum therInocouple with sodium chloride

window for use in the spectral range 1 to 15 #,

and a vacuum thermocouple with cesium bro-

mide window for use in the spectral range 1 to
40 #.

The source optics of the instrument were

modified by incorporation of an external optical

system, wlHch is the standard Perkin-Elmer

transfer optical system, used with the hohlraum
reflectrumetm'. Two 90 ° folds in a vertical

plane were introduced in the specimen beam,

to raise the axial ray of the beam 9 inciws

above the optical plane of the spectrometer.

The comparison blackbody furnace was mount-

ed in , fixed position to act as the source of

the con_parison beam, and the specimen furnace

and reference blackbody furnace were mounted

side by side on a movable plate attached to a

slide, in positions such that they couht be

brought alternately into position t.o serve as

source for 1he specimen beam, by sliding the

plate against fixed stops on the lathe bed. A

sketch of the complete optical path is shown

in figure 41---1, and a photograph of the external

optica] system with furnaces in place and cover

remow'd is shown in figure 41-2.

It was found by experience that. when the
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FIGURE 41-2.--External optical system of the spectroradiometer. The comparison blackbody furnace remains in

position to act as the source for the comparison beam. The specimen is in position to act as source for the

specimen beam, but can be replaced by the reference blackbody furnace by shifting the movable table on the

slide.

two blackbody furnaces were used as sources

for the respective beams of the spectrometer,

deviations of tile recorded "100°/o curve" oc-

curred at the wavelength intervals within

which there is significant absorption of radiant

energy by water vapor and carbon dioxide in
the atmosphere. Such absorption should be

identical in both beams if the spectral distribu-

tion of flux and path lengths are identical.

However, the two beams are separated in time,

passing through the monochromator alternately

at a frequency of 13 cps. Since the spectrum

is being traversed continuously, one energy
pulse is displaced relative to the other on the

wavelength scale, by a very small amount.
The effect of this displacement is negligible

over most of the range, where the slope of the
energy-wavelength curve is not large. But at

the wavelengths near those of maximum absorp-

tion, the energy-wavelength curves become

very steep, and the slight spectral displacement

of the successive energy pulses can produce

significant (leviations in the ratios which are

continuously recorded on the instrument.
In order to reduce the effects of absorption

by atmospheric water vapor and carbon dioxide,
tbe entire external optical system of the normal

spectral emittance equipment, including the

blackbody furnaces and specimen furnace, was
enclosed in a Lucite box. Gas-tight connecting

passages were designed to join (1) the Lucite
box enclosing the external optics, (2) the metal

cover for the chopper assembly, (3) the metal

cover for the combining optics, and (4) the
metal cover for the monochromator. Thus,

the entire length of both optical paths in the

instrument was enclosed in a single system of

interconnecting housings that was nearly

692-146 0--63--27
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gas-tight. Humidity in the enclosure was
monitored and recorded by means of a humidi-

graph which records temperature an(] humidity.

Immediately before a test the enclosure was

purged with "super-dry" nitrogen, free from
carbon dioxide, which was fed into the enclosure

through several inlets, at. a slow, constant, rate,
so that the enclosure was maintained at a

slight, positive pressure relative to the sur-

rounding atniosphere. Tests were not started

until the recorded hunfi(lity was less than 5%.

Blackbody and Specimen Furnaces

Two small laboratory 1)lackbody furnaces

were designed and built. Figure 41-3 is a

.sectional drawing of a furnace. The core was a

Nichrome V casting, 3/l/t8 inches in diameter

and 4 inches long. The cavity was _{ inch in

diameter, and 33/_inches deep, threaded with 13
threads to the inch. The threads were cast in

place. The Nichrome V oxidizes t.o produce a

high-emittance surface in the cavity. The fur-
naee wits heated by means of a platinum-20%

rhodium winding. There were two taps on the

heating coil approximately one inch from each

end. Shunts across the taps and leads were

used to reduce thermal gradients in the cavity.

The aperture in the cavity was reduced to a

slit approxinmtely }_ by _ inches in size by

means of a Nichrome cover plate.

The temperature of the blackbody furnace

was measured by means of a platinum, plati-
num-10% rhodium thermocouple, the bare

bead of which extended about }_ inch into the

cavity from the rear. The thermocouple leads

were insuhtied from the core by high-alumina

refractory tubing, which was surrounded by a

platinum tube that was grounded, in order to
prevent pickup b v the thermocouple of spurious

signals due to electrical leakage from the

winding.

The eli(.iency of the blackbody furnace.

computed fr(ml the Gouff6 fief. 2) equation,

and assuming that the interior of the cavity is

at uniform temperature, and is a completely

ditfusc refl(,ctor, was better than 0.999. Both

of these assumptions are known to he only

approximations, so that the actual efficiency
was somewhat less than the computed value.

The thcrmocouple bead in the back of the

cavity (!annot be seen, even with an optical

pyronwier, when the furnace is in operation,

which iudicates that the efficiency is very high.
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The specimens were strips of metal, }4/ inch

wide by 8 inches long, of any convenient thick-

ness in the range of approximately 0.010 to

0.060 inch. A sketch of the specimen furnace is

shown in figure 41-4. Tile outer shell was

water cooled, and its inner surface was of Inconel
that had been threaded with a No. 80 thread

and then oxidized in air at a temperature above

1350 ° K for 6 hours to produce a surface having

a reflectance of less than 0.05 at the operating
temperature of the water-cooled walls. The

specimen was positioned off-center in the cylin-

drical enclosure, so that any radiant flux re-
flected from the walls would be reflected twice

before tfitting the specimen.

The electrodes were of water-cooled copper
and were insulated from the brass end caps of

the furnace by means of bakelite sleeves. The

lower electrode fitted loosely in the hole through

the end cap to permit the specimen to expand

without buckling when healed. The specimen

was viewed t.hroug]), a window about /4a/115,1 inch
in size. A viewing window insert reduced the

opening to about }4/by a/{inch.

Adjustable baffles above and below the view-

ing window were used to reduce convection and

the resulting temperature fluctuations and

thermal gradients. Adjustable t.eleseoping cy-

lindrical platinum reflectors surround the speci..
men at. each end. These were used to reduce

heat loss at the ends of the specimen, and hence

the t.hennal gradient along the specimen.

Temperature Control Equipment

The power input t,o the comparison blackbody
furnace was adjusted manually by means of an

autotransfonner. The heater winding of the

furnace had two taps, located approximately

one inch fronl each end of the winding. Vari-
able resistors were eonneeted as shunts across

the taps and from the taps to the input leads,

as indieated in the wiring diagram, figure 41-5.

Adjustment of these resislors permit.ted varia-

tion of the power distribution along the cavity

of the furnace, by means of which thermal

gradients in the cavity could be reduced as far

as practicable. It was found by experience that

the heat capacity of the blackbody furnace was

large enough to practically eliminate t,empera-

ture fluctuations due t.o momentary voltage

fluctuat.ions in tim power supply. A eold fur-
naee could be brought, to 1400 ° K and sbabilized

C_LJNGTUBES_[

ELECTRODE _-I-_

GUIDE ROD-- -,-i_"

CYLINDRICAL [ i

PLATINUM _

REFLECTORS " ! i

;:

lr

SPECIMEN -

L-__

r----

_REFLECTOR ADJUSTING

SCREW

ELECTRODE __

COOLING TUBES ---,";

BAFFLE ADJUSTING

SCREW

_ENO CAP

COOLfNG TUBE

THREAD ON

INSIDE SUR_CE

VIEWING WINDOW

INSERT

INSERT LOCK

OXIDIZED INCONEL

WATER COOLEO JACKET

END CAP

FIGURE 41-4.--Specimen enclosure.

at that temperature in about 6 hours, and only

about 30 nlin was required to achieve stability

after a temperature change of up to about. 30 ° K.

Normally the blackbody furnaces were heated
overnight before use.

The power supply for the reference i)laekbody

furnace was identical to that shown in figure 4 l-5,

except that when the temperature was to be con-
trolled a saturable core reactor was substituted

for the autotransformer, as is described below.

The temperature of the specimen (or refer-

ence blaekbody furnace) was controlled to that

of the comparison bhmkbody furnace, within

narrow limits, by means of a differential

thcrmoeouple. One t)ead of the differential

thermocouple was in the cavity of the compari-

son blackbody furnace, and the other was

attaehed t.o t.he back of the speeinlen, in the

eent.er of the area being viewed, as described

later in t[ds report. The signal from tile

differential t.hermocouple was amplified by a

d-e amplifier and fed t.o a eenter-zero recorder-

eontroller. The output, of the reeorder-
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NACE WINDING
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VARIABLE AUTO-

I TRANSFORMER

FI(_URE 41-5.--Wiring diagram for power supply to

comparison blackbody furnace.

controller is proport.iomtl to the distance

t)etween lhe control poinler and the recorder

pointer on tile scale, which is in turn propor-

tional to the temperature difference between

blackbody furnace and specimen. Tile output.
of tile recorder-controller was fed to a eurrenl-

actuating-type controller, the output, of which

was separated into three portions, each of

which could be varied as desired. One portion

was prot)ortional to the input signal, one was
proportional to the first lime derivative of tile

input signal, and one was proportional to the

second time derivative of the input signal.

The output of the current-actuating-type con-
trol was fed to the coil of a saturable core

reactor wliich varied the power input to the

specimen. It was possibh_ to reduce under-

shoot and overshoot of the controlled tempera-
ture by proper adjust metit of the three

components in the OUtl)ul of the current-

actuating-type control. A block diagram of the

temperature control equipment is shown in

figure 41-6.
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LINE

',_ z---VARIABLE
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D-CAMPLIFIFR _ LINE

k ___

CENTER-

ZERO
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Fic, t_nE 41-6. Block diagram of temperature control

equipm,.nt. The controller operates from a signal

product d from a differential thermocouple.

With lhe descrihed control equipment it has

I)een i)ossil_le to hold tile temperature of a

speci]l_('Tl a,_ indicated by the welded thernlo-

couple to wall within ::kl ° K of that of the
comparison blackbody furnace, and the lem-

peratur(, of the reference bhlt.kbody furmtce to

within k:().5 _ K of that of the comparison
t)lackt)od v furnace.

CALIBRATION OF EMITTANCE EQUIPMENT

Wavelength Calibration of Monochromator

A complete wavelength calibration was made

of the spectrometer with the fused silica and
sodium chloride prisms, respectively, mounted

in the motu)chromator. In calibrating the

equipmeta with the fused silica prism, emission

spectra .f :t helium at'(' and a mercury arc, and

absorpti(,n spectra of a didynfium glass and a

polystyrene film were recorded. The emission

and absorl)tion peaks having known wave-

lengths were identified in the respective curves,

anti for each peak the observed wavelength

drum position at which the peak occurred was

plotted as _ function of the known wavelength

of the 1,,,:d; (ref. 3). A total of 66 such points,

at, v¢_,(qcrtglhs in the range 0.24 t,o 2.2_, was

plotted, _md a smooth curve was drawn between

the points t,o produce the calibration curve.

SPECIMEN

I
SATURABLE

CORE

REACTOR

_--_-'--_ ACTUATING TYPE

__ CONTROL
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A similar procedure was followed in cali-

brating the equipment with the sodium chloride

prism mounted in the monochromator. In this

case, the atmospheric absorption curve re-

placed the absorption curve for didymium

glass. A total of 52 points, at wavelengths
from 0.4 to 15 t_, was plotted to produce the
calibration curve.

Calibration for Linearity of Response

All of the work done with the spectrometer

had been based on the assumption that the
response of the instrument (the height of the
recorded emittance curve above the recorded

"zero curve") was linear with (1) the radiant

flux (within the varying wavelength interval

encompassed by the exit slit) passing through

the monochromator, when the instrument is

operated in single-beam mode, or (2) the ratio

of the fluxes (within the varying wavelength

interval encompassed by the exit slit) in the

respective beams that pass through the mono-

chromator when tile instrument is operated

double-beam in ratio mode. This assumption

had not been checked, and a confirmation of
(1) and (2) above was considered desirable.

SLIT LINEARITY CALIBRATION

The entrance and exit slits of the monochro-

mator open and close simultaneously, and both
are controlled at the same width by the slit

micrometer. Because of this construction,
when a true image of a source is formed at the

entrance slit of the monochromator, somewhat

larger than the slit at its Inaximum width,

the radiant flux reaching the detector from the

monochromator varies as the square of the

slit width. This relationship was used to
check the linearity of detector response when

the instrument is used single-beam in direct
mode (item (1) above). A single blackbody

furnace, at 1400 ° K, was used as a source, and
each series of measurements was made at a

number of central wavelengths throughout the

sensitive range of the thermocouple detector.

Experimental results were in conformity with

the theoretical relationship. In every case,

when the height of the recorder curve was

plotted against the square of the slit width, the

points obtained with the sodium chloride prism

and thermocouple detector fell on a straight

line intersecting the origin, within the error of
measurement.

Similar measurements were also made at

several wavelengths when the spectrometer

was operated with the fused silica prism and
the lead sulfide detector. Again, experimental

results were in conformity with the theoretical

relationship.

When the spectrometer was used with the

fused silica prism and 1P21 dctector, appreciable

deviations from the theoretical relationship

were found at. first, but after careful realign-

ment of the monochromator optics, all of the

points again fell on a straight line, within experi-
mental crror.

CALIBRATIONS WITH SECTOR-DIsK ATTENU-

ATOR

A sector-disk attenuator for use in calibrating

the normal spectral emittance equipment was

designed and built.. The attenuator consists

of a variable speed motor, 0 to 4000 rpm, with
an attenuator disk mounted on its shaft.

Five interchangeable attenuator disks were

prepared, having nominal transmissions of

75, 50, 25, 12.5 and 5.0%, respectively. The
disks were machined from sheet aluminum,

0.065 inch thick. The 5% disk is 10 inches in

diameter, and has four equally spaced radial

notches, e_ch 4.5 ° wide, extending inward
from the rim for 3 inches. The other disks are

9 inches in diameter, and have eight notches

each, extending inward from the rim for 2_
inches. The notches are 333/_° wide in the 75%

disk 22}_ ° wide for the 50% disk, 11 _o wide for

the 25% disk, and 5_ ° wide for the 12.5°"/o disk.

The attenuator is nornmlly operated at about

1300 rpm, and the direction of rotation is oppo-

site to that oi' the chopper of the spectrometer.

At this speed the beam is interrupted at a

frequency of niore than 85 cps by the 50"/0 disk,

an([ more than 170 cps by the other disks. Tile

chopper in the spectrometer interrupts the beam

at a frequency o[ 13 cps. No coupling has been
observed between the attenuator and chopper

frequencies.
The attenuator disks were calibrated in the

Engineering Meteorology Section of NBS by

measuring the angular width of the notches and
blades oil each disk, at two positions corrcspond-

ing to the r_(lial positiorls at which the top and

bottom, respectively, of the interrupted beam
strike the disks when in use. The unobstructed

area of the disk between the two circles was
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computed as a percentu,/e of the total area
between the circles, wilh tim results shown

below :

Nominal 3leasured

Transmittance, [ Swbslructed Area,

% %

75 ................. 75.10±0.22

50 ............... 50. O0 _ O.02

25 ............. 25.28±0. 14
12.5 .............. 12.73i0. 14

5 ............. 5.07 4-0.03

The measured values wore assigned to tit(,

respect ire sector-disk a t len ua! ors.
In the next group of experiments, made for

additiomd eheckin_z of ilrm (1) above, tim
sector-disk }ttteltuator was introduced into the

[)e _[ ill ] _ (' It I ] t } 1(' blackbody furmtee. Each
series of lll(*ttSllt'OI|l('ll[,':, XVIIS Dtll(le It{ I1. single

wavehmgth, a single slit width, and a single gain

setling. In (,,tel, casv the gain was adjusted to

give a reading of slightly less thtm 100 t _its on

the strip ('hart without lhe ttttt,lttlator. Tile

attemlntor was then introdlwed into tit(, beam,

and opm'ated with cI,')l of the disks in turn.

The [wigiit of the rccordrr curve was plotted

against the t)reviously lll('ll.Sltt'e(] fraelion of the

beam passed by the altelumtor. In evl,ry close

the points fell on a straight line passing through
lit(' origin, indica/in_ It,war detector rcsl)OnSe
for every combinulion of sill width and wave-

length tested, witl_ 1)otll thl' sodium chloride nml

fused silicaprisms,m.l _vitbl}w lhermoeouple,

as wdl as tlw lead sulfidenml photomuhiplier

detectors.

lit the I)recodin_,z oxl)vrinwnls for wbi(.h the
instrtmwnt was t)cin/used in direct mode, with

single i)cum, the hcigllt of the recorder curve

vnried linearly wilh tilt' signal produced by the

de(color. This signnl was l)roportional to the

r'Miant flux passing through tit(' lllOIloehl'o-

lll,ttOF. Normally, howvv,r, the instrument is
used in ratio mode, with &mille beanl. Ill lhis

(.aso, the hoighl of lhc i'ccordcr CUl"VO should

vary linearly with th(' rnli() O( lhe tWO signals

produced by the (h'tector when it is reeeiving

flux allermHely from llw rcsltoetive ben.ms.

In order to eho('k ilcm (2) above, lhe two

bhwkbodv furmwvs, c(,itrolh,d vory closely to

lit(, same tenlperature (about 1400 ° K), were

used as sourses for the two beams. 'Pitt, instru-

ment was adjusted so that the "100% curve"

would actually fail between 90 and 100 on the

('h,tI't, at'tot' wlfich such., curve was obtained

ow,r lit(, wavvh, ngth rimge of interest. The
set'lot-disk al leltlltl{Ol" WaS then introduced into

llw Sl)ccinl(ql ll(mtn neap the bhwl,:|)ody furmlce,

am] op(,r,llo_t with each of the disks in turn, to
obt,in "7.5%, .50°-/o, 25o-/0, 12.5% and 5%

euvvo,;", oath over llw wavelength l'Un_c of

inlcrosl. The heigitls of Ill(, respeclivc cmw,s

Wiq'l' [}l,'ll Illt,aSlll'ed ,ll 10(} seleciod wnvch'ngths

and the iit,ig!_l o( each curve above the eXln'ri-

mentally ()[)laillc(l zi'ro for tilt' l)erlim,nl wave-

h'nglh xxr__s plotted .(gains( tit(, pereemage of

tilt' ttux il_ the speeiInen I)t,ftill thai was passed

I)y {hi' ,ttt,**uator. In every (mxe tit(' poiuts

%11 on a straight lira, imerse('ling the origin,
wilhin tilt, error ol' measurement. No signifi-

Ctllll d,,pavtl_v,'s from lim,m'ily of response, were
dt'te('lo(t I'or any (.ombination of prisnt and

dt'leclor, :It ally point within lilt' waveh, nglh

l'Itll_C lit wlfict_ lhey could be used.

The dala for the lherInoeouph' detector amI

and sodium chloride prism are s/town in figure

41-7. ill I_lis case, the "apparent emittan('e"

o1' Ill(, c,:)mlfiilaiion of the reference bhwld)ody

[lll'?lli('O iltll[ /'tt('}l /tl[OltlittlOl' disk is plottod .s

a function of wax('lellgth. Ever 3- vulue of

npparoul elniltnnee was wilhin :I:0.01 of the
lnt_liStli'i'(] IFltllgltlillilll('e O( [hp l'espeetive disk.

EXPERIMENTAL PROCEDURE

It xv:> f,:ml.I tlv experience that the 100%

cuvw', oi)tail_,_l when the two bhwkl)ody fur-

g_so
x 70
1

4O

3o

o

/(,_ 75 % ATTENUATOR

i/-- 50 _ ATTENUATOR

25 _ ATTENUATOR

. _ 12.5 _ ATTENUATOR

5 % ATTENUATOR

___ L I__ ___I___ I I l
_' 3 4 5 (_ 7 8 9 IO H 12 13 14 i5

WAVELENGTH IN MICRONS,

FIGURE,11 7. Spectral "cmit, tance" of the combination
of _hc t-,,f,-ronce blackbody furrlacc and sector-disk
attcr!u:tlor wh(.n using the 75/c?c, 50 _c/c,255c, 12.5%
and 5% ,tttenu'ttor disks. Data are for the spectrom-
eter with the sodium chloride prism and thermo-
couple detector.
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naeos at tile sltnlo tenlper,tture served ItS sources

for the respective beams el the spectrometer,

deviated appreciably from flatness. These
deviations may be (Ill(, to either (1) variations

in spectral absorption or other losses along the

respective optical p'tlhs from source to detector,

or (2) wu'iaiions in spectral sensitivity of the
detector to radiant flux h'om the two beams.

There are two more mirrors in the specimen

beam t hun in the comI_wison beam, as is shown

in figure 41-1. The two beams Mlow different

palhs fronl the sources to the spherical mirror

in the combining optics, Itll(l are reflected by

different mirrors in this portion of the path.

From the spherical mirror in the combining
optics to lhe detector, the two beams follow the

same general pail( and are reflected by the same

mirrors, ttowever, the paths are no! identical,

and the heams are reflected by slightly different

areas of eae]_ mirror, and are transmitted by

different are,s of the prism and tim detector
window. These differences couhl account for

spectral differences in losses in the two beams,

due to absorption, an(I to scattering, for in-

stance, hy dust particles on the mirrors. The

two beams are also focuse(l on slightly (tifferent
areas of the sensitive surfa(:c of the detector.

No (leteetor is completely hhwk, and variations

in spectral ahsorptan('e over the sensitive sur-

face of the ({etector couhl be r('sponsible for

part of the observed effect.

It was also found by experience that the zero

curve, obtained when the specimen beam was
blocked near the specimen furnace, deviated
from flatness. These deviations are undoubt-

edly due to stray radiation in the monochro-

mater, which produces a spurious signal when

there is in fact no radiant energy being supplied

by the specimen.

A test procedure was developed to correct
for the errors which result in the deviations of

the "100% line" and zero line referred to

above. The procedure is as follows:

(1) The two blackbody furnaces are placed

in position to act as sources for the respective

beams of the spectrometer, and are brought to

the same temperature. The "Full Scale" con-

trol of the spectrometer is adjusted to bring

the 100_, line to a position between 90 and

100 on the chart. The specimen beam is

blocked, and the "Ratio Zero" control on the
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spectrometer is adjusted to bring the zero line

to a position between 1 and 3 on the chart.

The specimen beam is unblocked, and the

position of the 100_c_ line is checked. These

instrument settings then remain fixed through-
out the emittance determinations on the

specimen being tested.

(2) The 100% line, over the wavelength

range of interest, is obtained by automatic

recording on the strip chart, after which the

chart paper is rerolled.

(3) The specimen beam is blocked near the
source, and the zero line is similarly obtained

over the wavelength range of interest, after

which the chart paper is again rerolled.

(4) The specimen enclosure is next. substi-

tuted for the reference blackbody furnace, in

position to act as source for the specimen beam
of the spectrometer. The temperature of the

specimen is brought to and held at the tempera-

ture of the comparison blackbody furnace.

The specimen beam is unblocked, and the

"specimen line" is obtained over the wavelength

range of interest.

The heights of the respective curves are

measured at preselected positions of the wave-

length drum (corresponding to known wave-
lengths), as indicated in figure 41-8, and the

normal spectral emittance is computed for each

such wavelength. If Zx is the height, of the

zero line, Sx the height of the specimen line,
and Hx the height of the 100% line, at some

wavelength X, the normal spectral emittanee,

Ex is given by

E S_--Z_
'=H_:Z--Z, (2)

Values of E× are computed for each of 100

wavelengths in the range of 1 to 15 _, and Ex is

plotted as a function of wavelength. A curve

is drawn through the plotted points to represent

the spectral emittance curve of the specilnen.

SELECTION AND CALIBRATION OF WORKING
STANDARDS

The selection and calibration of suitable

working standards of normal spectral emittance,
to be used for the c.omparison of results in sev-

eral different laboratories, was one of the

objectives of this program.
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FI(}V_z 41-8.--Section of recorder chart, showing sec-

tions of a 100_ line, specimen line, and zero line.

The normal spectral cmittance is the ratio AE,/AEs_.

Working standards having high, intermediate,
and low emittance were desired. In addition to

having the desired normal spectral emittances,
the working standards, to be useful, should be

stable on heating in air at temperatures up to

the maximum temperature at which they can

be used, for times of several hundred hours.

They should also be of a material that is not

easily damaged in use. In order to be suitable

for measurement with the equipment described

in this report, the spechnens are required to

have electrical properties that will permit them

to be heated by passing a current through them.

Specimens machined from sheet material of
uniform thickness, three of each material in

each of several different sizes and shapes were

desired, suitable for measurement in the equip-

ment used by different laboratories, as follows:

strips, ¼ x 8, _ x 10 and 1 x 10 inches in
size

squares, 2 x 2 inches in size

disks, }_, 1, 1}_, and l¼ inches in diameter.

Because it was not possible to measure the

normal spectral emittance of specimens of all

of the above shapes and sizes with the equip-

ment described in this report, it was decided
that the measurements would be confined to six

¼-x-N-inch strip specimens of each material.

All of the speeiinens of a single material were
cut from a single sheet of metal, and all were

treated a._ nearly alike as possible during surface

preparation.
After an extensive series of tests, the following

materials were Selected on the basis of the above

criteria, for use in preparing the working
standards:

1. for s_andards of low normal spectral emit-

hint, e, ().035-inch platinum sheet that had

been polished and then annealed
2. for standards of intermediate normal

spectral emittance, 0.043-inch Kanthal
sheet th,tt had been sandblasted and then

oxidized

3. for standards of high normal spectral
emittanee, 0.053-inch Inconel sheet that
had been sandblasted and then oxidized.

The tests indicated that specimens of these

three materiMs, when prepared as outlined

below, w_,r_, stable in total hemispherical

emittanc_, to better than 0.02 on heating in

air at the maximum temperature at which they

were calibrated for periods of 200 hours.

Platinum Working Standards

Th(, platinum specimens were received from

the fabricator as 0.035-inch sheet, six ¼-x-8-

inch strips and three each in the following

shapes and sizes: /_-,_/ 1-, 1}_/- and l}_/-inch
diameter disks, 2-x-2-ineh squares, and 1-x-10-

and _/_-x-ll!-inch" strips. It. had been specified

that t.h(, sp(,cimens were to be supplied with

highly polished surfaces. The finish actually

supplied was not as smooth as had been de-

sired, but it was decided to use the finish sup-

plied, rath,,r than send the specimens back for

reworking. A }_-inch hole was drilled in one
end of ,,ach strip specimen, to facilitate hanging

during annealing.
Each sp('cin)en was washed in hot tap water

to which a commercial detergent had been

added, rins('d in running hot tap water, then

in distilled water, and finally in ethyl alcohol.

Rubber surgical gloves were worn at all times
while handling the specimens, and the central
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portion, observed for emittance determinations,

was not touched after cleaning. The specimens

were dried in air and placed in a closed con-

tainer, supported by the ends or edges only, for

storage prior to annealing.

All specimens were annealed in an electrically-

heated, silicon carbide element furnace. The

strip specimens were hung by means of platinum

hooks suspended from aluminum oxide rods in

the furnace; the square and disk specimens
were supported by the edges only on ceramic

forms resting on a flat ceramic slab. All of

the specimens were then enclosed in a ceramic

muffle. Starting wdth a cold furnace the

temperature of the furnace was raised to

1523 ° K (1250 ° C) over a period of 6 hours,
and held at that temperature for 1 hour. The

power was then turned off, and the specimens
were allowed to cool in the furnace, which

required 2 days.

The specimens were removed from the

furnace by means of cleaned platinum-tipped

tongs and were placed in individual plastic

holders, in which they were supported only

by the ends or edges. Each plastic holder,

containing a specimen, was then placed in an
individual cardboard box, to protect it from
contamination.

The six h/-x-8-inch strips were prepared for

measurement by welding a platinum-platinum,

100"_ rhodium thermocouple to each specimen.

A shallow groove was scratched in each speci-
men, normal to its axis and located at the mid-

length. The 10-rail thermocouple wires were

separately welded to the specimen by means of

a condenser-discharge type of electronic spot
welder. Each wire was laid in the shallow

groove to position it for welding, and the

welding operation was observed through a

low-power microscope.
Precautions were taken at all times to avoid

contamination of the specimens. They were

handled as little as possible, and when handling

was unavoidable the use of rubber gloves was

continued, and even then the center portion
of the specimen was not touched.

Three sets of curves were made for each strip

specimen at each of three temperatures: 800 ° I(,
1100 ° K, and 1400 ° K. Each set of curves

consisted of (1) a 100% curve, obtained when

the two blackbody furnaces at the test tem-
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perature were the sources for the respective

beams; (2) a zero curve, obtained when the

specimen beam was blocked near the specimen

furnace; and (3) a specimen curve, obtained

with the comparison blackbody at the test tem-

perature as one source and the specimen at the

same temperature, as the other. Each curve

was recorded over the range of wavelength

drum settings corresponding to a wavelength

range of approximately 1.0 to 15.0 t_.
The normal spectral emittance was computed

at a total of 100 wavelengths, approximately

uniformly spaced from 1 to 15 t_.

The 18 values (3 each on 6 specimens) at

each temperature and wavelength drum setting
were tabulated, and the following values were

computed: (1) E, the arithmetic average of the
18 measured values, (2) at, the total standard

deviation _ of the 18 values about the average

of the 18 values, (3) e, the 95% confidence error

of E, (4) a,_, the average of six standard devia-

tions, each computed from the three measured

values on one of the six specimens, and (5) a,,
the standard deviation of the six average values,

one for each of the six specimens, about the

grand average for all six.
The average normal spectral emittance, E,

of the six platinum specimens at 1100 ° K is

plotted as a function of wavelength in figure

41-9. The 95% confidence errors 4 associated

with the plotted average emittance values are

also plotted in the same figure.
The value am is a measure of the overall

reproducibility of the test procedure or the

precision of measurement. The average value

of am for all of the 100 wavelengths, is 0.45 at

1100 ° K. Thus the overall precision of meas-

urement on platinum is better than 0.005,

3 All standard deviations computed in this study are

precisely defined as "estimates of the standard devia-

tion of the parent population from which the measure-

ments were drawn." This quantity is assigned the

symbol a, to distinguish it from the root-mean-square

standard deviation, S. D., of individual values from the

mean of a given sample.

4 The 95% confidence error has the following statis-

tical significance. ]f the measurements were repeated

a large number of times, say 1000 times, and the aver-

age and 95% confidence error was computed for each
group of 18 measurements, then the limits of the group

average =t= the 95 % confidence error would bracket the

overall average of the 1000 groups of measurements

about 19 times out of 20.
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FIGVR_ 4]-9.--Normal spectral emittance at ll00 ° K

of platinum working standards. The points in the

upper curve represent averages of 18 measurements,

3 each on 6 specimens. The points in the lower

curve represent the 95% confidence errors of the

average values in the upper curve.

expressed as a standard deviation in units of

emittance. In order to show any trend of

a, with wavelength, the moving average of

5 values at adjacent wavelengths was computed,

and plotted as a function of wavelength as

the lower curve in figure 41-10. The scatter
due to errors of measurement, am, shows signif-

icantly less variation than a,.
The value a, indicates actual differences in

emittance of the specimens that were measured.

The average value of a, for all of the 100 wave-

lengths was 0.74. rn order to show any trend

of a, with wavelength, the moving average of

five values at adjacent wavelengths was com-

puted and plotted as a function of wavelength

to form the upper curve in figure 41-10. There

appears to be a significant variation in a,

with wavelength.
The values of a, are larger than the corre-

sponding values of _ by an amount sufficient

to demonstrate statistically that the observed
differences between specimens are real, and
could not occur due to chance fluctuations of

the error of measurement.

Curves similar to those shown in figures
41-9 and 41-10 were prepared from the data

obtained at 800 ° K and 1400 ° K. In general
the curves of data obtained at 800 ° K and

1400 ° K were similar in shape to the cor-

responding curves at 1100 ° K. The normal

I

o_ 20r r ] _ ; r r I T T " T , !_
x

i isl PLATINUM AT I100 "K

i2 _ DUE TO DIFFERENCES BETWEEN SPECIMENS

_ tO _ ..ee e

.. ..... _..
z E, DUE TO RANDOM ERRQR OF f/IEAS •

0 ' L : ;

I_I',/RLENGTVl IN MICRONS

FIOURE 41-10.--Spectral distribution of two categories

of standard deviations, each computed from ]8

measured emittance values obtained at l l00 ° K,

3 each ca 6 platinum working standards. The upper

curve represents standard deviations due to real

differences in emittance between specimens, identified

as a, in the text. The lowe_ curve represents stand-

ard deviations due to random error, identified as a,

in the text. In both curves each point represents

the moving average of five adjacent values.

spectral emittance at each wavelength in-

creased with an increase in temperature, as

would be predicted by the Hagen-Rubens

equation. No significant change in am or

_, with temperature was noted.

Oxidized Kanthal Workinl Standards

Specimens of the same sizes and shapes as
those referred to above were machined from

0.043-inch Kanthal sheet and were cleaned

with acetone to remove any oil or grease from

the machine operation. They were then

marked for identification, and sandblasted

with 60-mesh fused aluminum grit at an air

pressure of approximately 70 psi. The sand-

blasted specimens were cleaned ultrasonically

in acetone, passivated for one minute in 10%
nitric acid at 316 ° K (43 ° C), rinsed in distilled

water and then acetone. They were placed in

a cold furnace, which was brought to 1340 ° K

and held for 400 hours, after which they were

allowed to cool in the furnace.

The normal spectral emittance of the six

¼-x-8-inch oxidized Kanthal specimens was

measured, following the procedure outlined
above for platinum specimens, except that the

measurements were made at temperatures of

800 °, 1100 ° and 1300 ° K. The normal spectral
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FIGURE 41--11.--Normal spectral emittance at 1100 ° K

of oxidized Kanthal working standards. The points

in the upper curve represent averages of 18 measure-

ments, 3 e_ch oil 6 specimens. The points in the

lower curve represent the 95% confidence errors of

the average values in the upper curve.

emittances and 95% confidence errors were

computed as before and plotted to produce
curves of the type shown in figure 41-11 for
measurements at 1100 ° K and the standard

deviations due to differences in specimens and

_5 , [ :
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I I
[ I I : r : [ I [ _ I
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FIGUR_ 4]-]2.--Spectra! distribution of 2 categories

of standard deviations, each computed from 18

measured emittance values obtained at 1100 ° K,

3 each on 6 oxidized Kanthal working standards.

The upper curve represents standard deviations due

to real differences in emittance between specimens,

identified as a, in the text. The lower curve repre-

sents standard deviations due to random error of

measurement, idcntified as am in the text. In both

curves each point represents the moving average of

5 adjaeeht values.
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random error of measurement were computed

as before and plotted to produce curves of the

type shown in figure 41-12 for measurements
at 1100 ° K.

Oxidized Inconel Working Standards

Specimens of the same sizes and shapes
referred to above were machined from 0.053-

inch Inconel sheet, and were cleaned and sand-
blasted as outlined above for the Kanthal

specimens. The cleaned specimens were placed

in a cold furnace, which was brought to 1340 °

K (1067 ° C) and held for 24 hours; the tempera-
ture was then reduced to 1100 ° 1_ and held for

an additional 24 hours, after which the speci-
mens were allowed to cool in the furnace.

The normal spectral emittance of the six _-

x-8-inch oxidized Inconel specimens was meas-

ured, following the procedure outlined above for

platinum specimens, except that the measure-
ments were made at temperatures of 800 °,

1100 °, and 1300 ° K. The normal spectral

emittances and 95% confidence errors were

computed as before, and plotted to produce

curves of the type shown in figure 41-13 for
measurements at 1100 ° K. The standard

deviations due to differences in specimens and to
random error of measurement were a]so com-

puted as before, and plotted to produce curves

of the type shown in figure 41-14 for measure-
ments at 1100 ° K.

i
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'Fz_u_ 41-13.--Normal spectral emittanee a_ 1100 ° K

of oxidized Inconel working standards. The points

in the upper curve represent averages of 18 measure-

ments, 3 each on 6 specimens. The points in the

lower curve represent the 95% confidence errors of

the average values in the upper curve.
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FIGURE 41-14.--Spcet, ral distribution of 2 categories

of standard deviations, each computed from 18

measured emittanee values obtained at, 1100 ° K,

3 each on 6 oxidized Inconel working standards.

The upper curve represents standard deviations due

to real differences in emittance between specimens,

identified as a, in the text. The lower curve repre-

sents standard deviations due to random error of

measurement, identified as _, in the text. In both

curves each point represents the moving average of

5 adjacent values.

PRINCIPLES OF DATA REDUCTION

Computation by the Weighted-Ordinate Method

Two main steps are necessary in order to

compute the total normal emittance or absorp-

tance of a specimen for radiant flux having a

specified spectral distribution from its spectral
emittance curve. These steps are described in

relation to figure 41-15, which represents an
actual case.

The first step is to weight, a series of ordinates
chosen at uniform intervals along the emittance-

wavelength curve for the specimen (curve A)

according to the spectral distribution of radiant

flux from the source under consideration, which

can be represented graphically by a second

curve, B. The weighted ordinates, which are

the products of ordinates at identical wave-

lengths for curves A and B, provide points for

a third curve, C, which indicates the spectral

distribution of the energy that would be

absorbed in unit time by the specimen, from the

specified source. For the special case in which
the designated source of radiation, represented

by curve B, is a blackbody (as it is in figure

41-15) at the temperature of the specimen

(which is in thermal equilibrium), curve (_

represents, also, the spectral distribution of the

5

i 'D
i s

i

F_ac_E 41-15.--Graphical form of data and derived

values used in computing from tho spectral emittance

of "t specimen its total cmittance, its total absorp-

tance, or its total emissive power. Curve A repre-

sent._ spectral emittance values obtained on a specimen

at 650 ° K 0_bout 1200 ° F). Curve B represents the

spectral distribution of radiant flux from a blackbody

at the s'.tnw temperature. The ordinates of curve C

are in each case the product of the ordinates of curves

A and B a_ t,he same wavelength. Curve C repre-

sents the sp,ctral distribution of flux emitted by the

specimen having the spectral emittance indicated by

curve A.

energy emitted in unit time by the specimen at

the tempen_ture under consideration, since
under these specific conditions the rate at which

energy is absorbed by the specimen at each
wavelength is exactly equal to that at which

it is entitled at the same wavelength.

The second step in computing the total

emittance or absorptance of the specimen

consists of determining the ratio of the area
under curve C to that under curve B. A

rigorous mathematical expression of the quan-

tity sought is as follows:

where:

E_,: total Emittance of specimen

_x=rate of energy emission per unit wave-
length interval, of a blackbody, for the

increment X to (X+dX)

E_--Emittance of the specimen, between X

and (X÷dX).

In pra(.tice, with a sufficient number of uni-

formly spaced ordinates (which are t_ken at
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the same set of wavelengths for all the curves)

this ratio of areas is approximated with the

required precision by dividing the sum of the

ordinates for curve C by the sum of the ordinates

for curve B. The mathematical expression of

this operation is

_4

_b_EJ'X

E,-- x, (4)
X_

_b_AX
Xl

Since all values of AX are equal, they cancel

out numerically as well as dimensionally.
The units in which the ordinates of curve A

are expressed are pure numbers, representing

spectral-emittance values. The units in which

the ordinates for curve B are expressed occur in
both the numerator and denominator of the

final ratio; hence it is of no consequence what

units are used, provided they are the same for

the numerator and denominator, or whether

the ordinates for curve B are expressed simply

as numbers of the correct relative magnitudes.
The final answer in either case is a number

signifying the total absorptance of the specimen

for radiant flux of the specified spectral distri-
bution.

The procedure is identical for computing

either the total emittance of the specimen or

its total absorptance for energy from the sun,

the earth, or any other source, because the
total absorptance for blackbody radiation at

the temperature of the specimen is equal to

the total emittance of the specimen. Hence

to compute total emittance or total solar

absorptance as desired, one merely modifies

the procedure by selecting for curve B either

the spectral distribution of radiant flux for a

blackbody at the temperature of the specimen,

(which was done for fig. 41-15) or the spectral

distribution of radiant flux for solar radiation,

or radiation from the earth or any other source.
When it is desired to compute the total

amount of radiant energy, for unit time and

area, emitted by the specimen at a given tem-

perature, curve B will represent blackbody r_-
diation and its ordinates will be expressed in

energy per unit time and area; hence, those of

curve C will also. ]n this case, the quantity

sought is represented by the area under curve C,

which can be obtained by integration. The
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equation that rigorously describes this relation-

ship for all possible wavelengths is:

_.= fo=E,x_xdX (5)

where et, is the total radiant flux density of the

specimen.

In practice the value can be computed with

the required precision by the following ap-

proximation:

M

+,,= 5-2,E,_X (6)

Since E,x is a ratio, and ebx represents radiant

flux per unit area and wavelength interval, the
}, cancels out dimensionally. Numerically, the

fraction of the span between },_ and h2, that is

occupied by a single interval, 5}, is the recip-
rocal of the number of ordinates, n, (each ordi-

nate representing one interval); hence equation

(6) may be written:

et,=_E,x_bx

_' (7)
7_

This equation states that the total radiant

flux per unit area is obtained by simply adding
all the ordinates of the points from which curve

C was constructed (each of which represents

radiant flux per unit area), and dividing by the
number of such ordinates. Any required pre-

cision of the approximation can be attained by

using a sufficient number of ordinates.
As in the case of emittance and absorptance,

the procedure is the same whether the object is

to compute the total radiant flux emitted by
unit area of the specimen or the total radiant

flux absorbed upon exposure to a specified

source. In the former instance, curve B repre-

sents blackbody radiation; in the latter case, it

represents radiant flux from the specified source

that is incident upon the specimen.

Computation By the Selected Ordinate Method

Regardless of what method of computation

is chosen, the objects remain (1) to obtain the
ratio of areas under two curves, B and C, for

total emittance or total absorptance, and (2) to
evaluate the area under one curve, C, for total

radiant flux per unit area of the specimen, ab-

sorbed from a specified source, or emitted.
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Ordinarily it is preferable to use no more
ordinates for the calculations than are needed

to give the required precision. The optimum
number of ordinates can be chosen by spacing

them to represent equal areas under curve B,

a device which results in unequal values of AL

When this method is used, the first step is to
choose ordinates for curve B at increments of

such that. the areas between all adjacent pairs of

these ordinates correspond to a constant

amount, k, of radiant flux per unit area. Then

the median wavelengths within the respective

intervals between these adjacent pairs of ordi-
nates determine tile locations of the selected

ordinates. When the ordinates of curve A are

read at these specified values of _, the rate at

which energy is emitted per unit area of the

specimen can be obtained with the required ac-

curacy simply by adding up these ordinates and

multiplying the sum by the constant, /c. The

basic equation is:

_2

_,,-.-_E E,_(_a_) (s)
M

But since (_b_h),) has the constant value k, in-

dependent of wavelength, the equation becomes:

• ,_=_:_EE,_ (9)
M

Often, for convenience, ordinates are selected
at intervals such that k=1.

The economy in number of ordinates required

for a given precision makes this method es-

pecially advantageous in the absence of elec-

tronic computers. Like the weighted-ordinate

method, i( is applicable to calculation of total

emittance or total absorptance from the spectral

data, as w_,ll a._ to calculation of rate of emission

or absorplio)_ of energy by unit area of the

specimen.

DESIGN AND INSTALLATION OF DATA-PROC-

ESSING EQUIPMENT

A t)hotograph of the spectrophotometer with

data-pro(:cssing equipment installed is shown

in figure 41 15. This equipment was designed

to perfoH_t the following functions: (1) to pro-

duce a corrected graphical record of the normal

speclral emittance of a spccimen as a function
of wavelength, (2) to record in digital form on

punched paper tape the corrected spectral emit-

tance values, for possible use in a separate

electro)tic digital computer, aml (3) to accumu-

late tt)e digitalized emittances at wavelengths

which have been pre-selected to yield specific

information as described farther in this report.

The output of the spectrometer is digitized

by two shaft encoders, one mounted on the

FIG_JRE 41-16.--Data-processing equipment attached to the spectrometer. The electronic circuits are housed in

the chassis above the recorder at the right, and the paper tape punch and punched paper tape reader are on

the table at the extreme right.
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wavelength drive shaft, and the other on the

recorder pen shaft. Each encoder produces a

pulse for each 0.001 revolution of the shaft, and

the pulse also contains a signM indicating

direction of rotation. These pulses are counted

in the data-processing attachment, by reversible

counters which increase in count for pulses in

the forward direction, and decrease in count
for pulses in the backward direction.

During calibration, the pulses from the re-
corder shaft encoder are recorded on four-

channel magnetic tape. During measurement

of a specimen, the magnetic tape is played back

synchronously with the automatic wavelength

scanning, and the data-processing attachment
automatically corrects for the 100% line and

zero line errors, as is described in more detail in

a paper by Horace M. Joseph (to be published).

The corrected normal spectral emittance of the

specimen appears as the curve drawn by the

recording potentiometer. The output of the

potentiometer is digitized, as before.

The wavelength drum position and recorder

pen position can be automatically recorded on

punched paper tape at preselected increments of

wavelength drum position. The spectral
emittance values can be accumulated at the

same or other preselected increments of wave-

length drum position.

In order to compute total emittance or ab-

sorptance for radiant energy having known

spectral distribution of flux, the accumulation

must be performed at unequal increments of

wavelength drum position, at the selected

ordinates which represent equal areas under the

spectral energy distribution curve for the black-

body or source as previously described. Tilese

unequal increments are prepunched into paper

tape, which autom atically controls the accumu-

lation process. The sum on the accumulator

is then n times the total emittance or absorp-

tance, where n is the number of selected ordi-

nates.
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SUMMARY

Test equipment and procedures were de-

veloped to measure normal spectral eraittance

of strip metal specimens that can be heated by

passing a current through them, at tempera-
tures from about 800 ° K to above 1400 ° K,

and over the wavelength range of 1 to 15/_.

The equipment consisted essentially of a

double-beam, ratio-recording infrared spectrom-

eter, in which the source optics were modified

to include a blackbody furnace in a fixed posi-

tion _:s the source for the comparison beam,

and a second blackbody furnace and a specimen

furnace mounted on a movable plate attached

to a slide so that either could be positioned to

serve as the source for the specimen beam.

Special control equipment maintained the two

sources at the same temperature.

The test procedure corrected for zero line

and 100% line errors in the measured emittance.

The zero line error arises as a result of a spurious

signal produced in the specimen beam when the

beam is blocked near the source. The 100%
line error results from differences in the ratio

of the signal produced to radiant flux entering

the instrument along the two beams of the

spectrometer.

An electronic data-processing attachment

was designed and built to (1) automatically

correct for "zero line" and "100% line" errors,

(2) record the corrected data in digital form on

punched paper tape, suitable for direct entry
into an off-line electronic digital computer and

(3) compute, from the spectral data as obtained,

a single value of total emittance, or absorptance

for radiant energy having any known spectral
distribution of flux.

Three types of specimens for use as working

standards in other laboratories were prepared

and calibrated. These specimens had high,

intermediate and low spectral emittance, re-

spectively. Tests of these standards indicated

that the overall reproducibility of the method

is on the order of 0.005 in emittance, expressed
as a standard deviation.
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DISCUSSION

G. J. ZIssm, Institute for Defense Analyses: One

thing that worries mca bit is the effect of the corruga-

tions on the wails of the cylinder of the cavity. In the

De Vos treatment of a cavity, the first*order correction

term gives the equivalent of the Gouffd theory, but the

second-order corrections are quite dependent on the

amount of radiation coming in through the opening and

reflecting off of the walls. I have a feeling that with

corrugations a direct return from the sides of the walls

through the opening might be larger than it would he if

you had, say, a fiat wall with a Larnbertian distribution.

As long as you do not see the walls when you are oper-

ating I would imagine this would make only a very

small difference, but it might be worth while carrying

out the calculation of the emissivity by the De Vos

method just to compare.

RICHMO._D: The walls of the cavity were of 80

nickel-20 chromium alloy which had been oxidized for

many hours at temperatures up to 1400 °K so that

there was a rather thick oxide layer which was quite

rough. Also, this was a sand casting which had not

been smoothed; so the walls were quite rough inside.

Under these conditions I believe that the De Vos

analysis would not apply. I think the Gouff_ analysis

would be more nearly correct.

S. SKLAREW, The Marquardt Corporation: What is

the availability of this type of emittance standard, and

are these standards reliable in the visible portion of the

spectrum?

RICHMOND: I am going to ask Bob Winn to answer

the first part of that question.

WINN: The standards themselves have been received

at ASD; however, tt_e program has been transferred

from the Physics Laboratory to the Applications

Laboratory, and I would suggest that you contact Mr.

Don Stevinson (ASRCEE-2) who will be responsible

for making arrangements to lend these standards.

RICHMOND: The other part of the question was with

regard to the reliability of the standards in the visible.

So far they have not been calibrated below one micron.

We hope to do that cventually. Wc do not have any

information on the reliability in that range. However,

we do have some experimental evidence to indicate that

these speeimcus will probably be relatively stable in

emittance as long as they are heated in air at tempera-

tures no higher than 1400 ° K for the platinum, 1300 _ K

for the other standards, for periods up to at least 200

hours. We have run some of them for periods up to

1,000 hours, and we find probably not over 2 or 3%

change in emittance as a result of this continued heating.

However, they should be handled with care to avoid

contamination of the surface because that can really

change emittance.

ABBOTT, Naval Radiological Defense Laboratory:

You me_tioned integration of the spectral curve to

obtain total normal emittance. Have you done any

of this?

RICHMOND: We have done some of it. The auto-

matte data processing equipment is not yet in operation

so what we have done has been done by longhand

methods, which is quite tedious as you probably know.

ABBOTT: Yo_l seem to be making the measurements

from I to 15 _.

RICttMC, ND: 1 to 15.

ABBOTT: tIow do you account for the range below

and above?

RICHMO.'_D: At the temperatures at which we are

working there is only a small percentage of the energy

below and above, and we assume that the emittance

curve is flat below and above the ranges on which we

have actual data.

AUBOTT: Do these agree reasonably well with

measuretm:nts of direct total normal emittance?

R_CH_a(JND: We do not have any data on the same

specimens for direct measurement of normal total,

but they agree withiu 1 or 2% with direct measurements

of total hemispherical when you make a correction for

the difference between normM and hemispherical ac-

cording to the equations given in Jakob.

I. J. B._RsY, Armstrong Cork Company: In de-

scribing lhe threadoO alloy liner you made the state-

meat ttmt the reflectance is less than 0.05. How did

you determi,,_" this?

RICH._fO._D : That was detcrmined first from measured

values o,_ fl.t_: specimens that had been subjected to the

same lr¢:atment and then making the correction for

t,he efl'(!ct of the threading.

I. J. Stone, The Aerospace Corporation: Mine is

not a question but a comment to you on your defini-

tions. In your discussion on emissivity you call

atten(io_ to _he fact that you must have an optically

smooth surfitc(.. I would like to caution your com-

mittee to consider wavelengths when you describe

optically smooth surfaces. As you change in wave-

hmgChs to 50 and 100 _, what was optically smooth at

one place, is no longer, and what was an "emittanee"

may now become an "emissivity".

R_CUMOND: That iS very definitely true, but as you

go up i1_ wavelength a rough surface tends to appear

to be sm_other. There has been some data published
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not too long ago (Bennet, I believe was the author), in

which it was shown that you can have effects from

surface roughness on the order of a hundredth of a

wavelength of the light involved. The major effects,

however, do not begin to appear until you get up to

something on the order of a tenth of the wavelength

involved. That is peak-to-valley distance.

SHOVLDERS, General Technology Corporation: When

you were showing the curve on platinum you implied

that you did not understand why you had a peak

at the longer wavelengths around the 15-_ region. Did

you mean to imply that you understood why you had

the other peaks? I would like to have a little bit of an

explanation on that.

RICHMOND: Suppose I see you after the meeting to

talk about that. It gets quite involved. I think

briefly that the one around 9_ or close to 10 _ is probably

due to contamination in the specimen, but we are not

sure. The one down around 1 u we believe is due to

resonance effects.

WILLIAM CLAYTON, Boeing Company: I think it

might be useful if you were able to state what you

believe to be the accuracy of your method, divorced

from material changes, of course. Your method is

probably two or three times as accurate as anybody

else's, at least mine. It might give us all a good target.

Ric_._oNn: That is a rather difficult question to

answer. I think that the precision of our measurements

is certainly on the order of 0.01 in emittance. If you

wanted it in a percentage, that would depend on the

emittance value that you are measuring. The only

data we have on the accuracy is what we obtained by

use of a sector-disk attenuator; we find that our entire

system gives linear response to better than 0.01. On

that basis, assuming that errors are additive, conserva-

tively any value should be good to about 0.02. I don't

have any rigid analytical basis for stating that; that is

just my own feeling.

STaEED, Lockheed Missiles and Space: Is it possible

to clean these standards, and do you have any recom-

mendations in handling them?

RICHMOND: AS far as handling them is concerned, the

specimens are mounted in plastic holders so that the

central area, the area on which you would be making

measurements on all specimens, is not touching any-

thing. Our recommendation would be to avoid touch-

ing the portion where you would be looking at the

specimen. In fact, you would probably be better off

if you were to wear surgical gloves at any time when

handling the specimen, to avoid fingerprints. Finger-

prints can be very very bad, and they are very difficult

to remove, particularly if the specimen has been heated

before you attempt to remove them. Other than that,

I would say avoid letting anything come in contact

with that central portion of the specimen. I think
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probably the specimens could be cleaned if they

should become contaminated, but it might be a con-

siderable job. The oxidized Inconel specimens tend

to be self-cleaning, because a type of oxide forms on

them that gradually spalls away as a very fine powder

so that you get a self-renewing surface. I would

expect that all you would have to do on those specimens

would be to heat them for a few hours, at a high tem-

perature in air. They would probably come back

pretty close to what they were originally. That same

treatment would not apply to the oxidized Kanthal

however, because a very stable oxide film is formed on

them.

J. I. WITTnBORT, ASD: The problem of thermal

etching on the surfaces comes up at high temperatures.

Have you noticed much difference in the emittance, at

say, 1500 ° to 1800 ° F at the beginning of the test and

later on after thermal etching has occurred?

RIeHMoN9: We did notice that on unannealed plat-

inum specimens. I am not sure that the effect is due

to thermal etching, I think it is due to recrystallization,

but the specimens had been annealed above the re-

crystallization temperature before we made any

determinations. I think that you have to take the

platinum up to temperatures above those at which we

have made any measurements in order to get appre-

ciable thermal etching. I am not positive but that is

my impression.

KOSTKOWSKI, NBS: I would like to make a comment

here that when one begins to get into accuracies of a

few percent, one factor that should be taken into ac-

count in any type of radiance measurements is the

relative size of the two samples one is comparing.

For example, in your case, the specimen is of the order

of _-inch wide, and the blackbodies, at least the effec-

tive size of the blackbody is probably an inch in diameter

or greater. Is that right?

RICHMOSD: I did not mention this, but the blackbody

has an opening approximately _-inch wide by _-ineh

long.
KOSTKOWSKI: But how about the area adiacent to

the cavity hole? It is probably still bright, is it not?

RICHMOND: No, it is not. When the blackbody

furnace is at a temperature of 1400 ° K that area ad-

jacent to the opening is not incandescent.

KOSTKOWSKI : The problem I am referring to does not

apply in this case, but I still think I should mention it.

When the relative sizes of the two sources one is com-

paring are very different, the apparent brightness or

radiance of the two can differ by several percent due

to diffraction effects alone.

RICHMOND: We are very much aware of that in some

of the work Dwight Moore has been doing, which he

will describe tomorrow; there we are using an extremely

small area of the specimen.

692-146 0--63--28
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SPECTRAL EMITTANCE IN AN INERT ATMOSPHERE

BY R. A. SEBAN

UNIVERSITY OF CALIFORNIA, BERKELEY, CALIFORNIA

There is described a system for the measurement of spectral emittance, certain operating

difficulties are considered, and results for a metal and for a ceramic coating are preser_ted to

reveal satisfactory operation at temperatures from 1500 ° F to 2000 ° F.

In the design of a system for the measure-

ment of spectral emittance in an inert atmo-

sphere, considerable choice is available with

respect to the position of the sample and of the

reference and to the degree that the system is

enclosed in the inert atmosphere. A number of

examples of such systems are available (ref. 1 and

2) and each one represents certain compromises
in the accuracy of the determination of the emit-

tance, inthenatureofthe sample that can beac-

commodated, and in the mechanical complexity

of the system. The system thatis described here

is no exception, and this system was designed
to accommodate metallic or coated metallic

samples in the form of disks 0.87 inches in
diameter, to produce values of the normal

spectral emittance with sample temperatures

between 1300 ° F and 3000 ° F, to operate with

a single beam through identical optics for both

sample and reference observations, and to have

an inert gas enclosure of minimum size. In

addition to the description of the system and the

method of observation, certain difficulties in

operation are described as these have so far

•occurred, and these have essentially limited the

operation to the lower part of the temperature

range. Thus this presentation is in the nature
of a progress report, and the results for the

emittance that are presented support the view

that adequate operation will be achieved ulti-

mately in the whole range of temperatures and

wave-lengths.

SYSTEM

The reference cavity and the sample furnace
are mounted on horizontal rails within a tank

which is 16 inches in diameter and 36 inches

long, as shown schematically on figure 42-1.
A mirror, positioned against stops by a selsyn

motor, serves to direct radiation from either the

sample or from the cavity through the window
in the tank wall, to a Perkin-Elmer Model 98

monochromator, via an external optical system.

]n the initial arrangement, the definition of the

observed area, at the cavity and at the sample,

is by horizontal slits at the chopper location and

by the monochrometer inlet slits. The magnifi-

cation is nearly unity, so that the observed area

was estimated to be in height the 3-mm opening
of the horizontal slits and in width of the order

of the opening of the monochrometer inlet slits.

Later consideration, particularly of the results
that have been obtained, implies that this

method of image definition may be partially

inadequate because of the astigmatic effects of

the off-axis spherical mirrors and that image

definition may be needcd at the location of the
focal lines.

Figure 42-1 also indicates a system for the

appraisal of total emittance that has not yet
been installed. It consists of a detector which

is irradiated by further rotation of the movable

mirror, so that radiation from either the cavity

or the sample would be focused on a thermopile
detector.

A mechanical vacuum pump provides a pres-

sure of 1 # in the tank and this is maintained,

with a temperature of about 500 ° F in the

cavity and sample holder, for about four hours

or longer before argon is introduced, through a
drier, into the system. The argon pressure is

maintained at slightly above atmospheric

pressure.
425



426 Measurement of Thermal Radiation Properties of Solidi

i

g
I

I
I

I
I

"-.Z_.

II
I t

/ I I
I --I--_ 7

I r

/ !

I / !
I / t
I / !
i / t

-.2__ 'I

Fr(_C_E 42-1.--System for emittanee determination: (1) sample heater, (2) cavity, (3) moveable mirror, (4)

window, (5) total detector, (6) mounting rails (7) chopper horizontal slits, (8) monochromator inlet slits.

Both the cavity and the sample furnace are

heated electrically by tungsten wire coiled on

Alundum tubes, fixed with refractory cement

and covered externally with other Alundum

sections to provide high-temperature insulation.

Fiberfrax is employed as the insulation between
these elements and the water-cooled external

jacket; as noted later, the operating experience

has indicated undesirability in this application
of this material.

Figure 42-2 shows some details of the cavity
furnace and indicates the position of the

graphite tube which forms the cavity itself.
This hole, h-inch inside diameter and 2.75

inches long, is bored to leave a plug in which

a thermocouple is mounted and from which

plug originates most of the radiation which

enters the optical system. A front orifice with

a 0.30-inch diameter aperture reduces the

radiation loss from the open end of the cavity.

Three separately-controlled heaters are pro-

vided for the control of cavity temperature.

Figure 42-3 shows some details of the sample

furnace and sample mounting arrangement.

The sample, contained in a holder made of

molybdenum sheet, is positioned in the open-

ing of a ceramic ring and introduced therein
by opening the door in the furnace; this door

is shown partly open in figure 42-3. The

sample thermocouple, welded to the back of

the sample, leaves the interior through an

insulator also held by the sample holder. The
front of the holder extends over the area de-

fined by the ceramic ring that provides insula-

tion ilJ the door, and the center of the molyb-
denum sheet contains a 0.30-inch diameter
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FIGURE 42-2.--Reference cavity: (1, 2, and 3) heater wires, (4) jacket water tubes, (5) orifice, (6) front thermo-

couple and (7) rear thermocouple.

hole through which the sample is viewed. This

view is through the water-cooled shield in the
door of the sample furnace, the inside of the

shield being honed smooth to achieve specular

reflection, out of the hole, of radiation incident

on the walls from the sample and shield. In

addition to the shield and the external region

viewed through the shield opening, the sample

also "sees" the edge of the aperture in the

sample holder and also a small part of the

ceramic door insulating ring, through the gap

between the radiation shield and the sample
holder. The aggregate angle factor of this

view is about 0.017, and the radiation from it

is at a lower temperature than that emitted

by the sample. With a diffuse reflector, having

an emittance of 0.30, the reflection would be

0.017/0.20 of the radiosity if the radiation from
the surfaces concerned were black at the tem-

perature of the sample. Actually, the mate-

rials which are poor emitters tend to be specular

reflectors and, if specular, none of this radiation
is reflected into the cone of observation.

A small component of irradiation of the

sample arises from reflection from the window,
via the internal mirror. The first reflection

therefrom is equivalent to the radiation from

the image of the source and this radiation
being diffuse, only a negligible portion (1/1000)

thereof, would again impinge on the sample

even if the window were a perfect reflector.

Thus, because of the small lateral extent of

the heated surface, the interreflection contribu-

tion is negligible compared to what it would

be for a heated surface of large lateral extent.

EVALUATION OF EMITTANCE

TILe detector output datum is established by
sighting on a black shutter located near the
monochrometer inlet. ]f the remainder of the

system is at a temperature near that of the

shutter, then the output of sights on the cavity

and on the sample will be zero. Outputs above

this are produced by emissive powers exceeding

the datum wdue in any of the components be-

yond the chopper. In addition to the emission

from the sample or from the cavity such addi-

tional emission may be produced by the internal

mirror or by the window, if the equilibrium

temperature of these elements exceeds substan-

tially the datum value. Analysis indicates that

with an argon atmosphere tile loss of heat by
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FIGURE 42-3.--Sample heater: (1) water-cooled front shield, (2) sample, (3) ceramic ring, (4) sample holder,
(5) heater, (6) sample thermocouple, (7) water tube jacket, and (8) thermocouple.

free convection is sufficient to prevent excessive

temperatures in the mirror and in the window

but that with a vacuum the mirror, in particu-

lar, may attain temperatures which would affect

the accuracy of the measured emittance.

The response of the monochromator detector

is proportional to the energy above the datum

level t,hat emerges from the window, and the

ratio of {he responses that is obtained for a sight

on the sample and on the cavity is then speci-

fied in terms of the reflectances, r, and r_, of

sample and internal mirror, and the reflectance,

R, of t l:_e window.

_ra

S, _' [E,--Eol+(l+r,r,_) -_ (Em--E°)g-[r2"r"+l--r_'_r"R] r__'_[E,o--Eo]

S_ (E_--Eo)+_ (E_--Eo) r,,,

(1)

and if the emissive powers of the mirror, E_,

and of the window, E_, are at the datum level,

Eo, then the ratio of responses is

S. CE,--Eo]
S_ [E_--Eo]

(2)

Equation (2) has been used t.o evaluate the

results so far obtained, on the assumption that

the temperatures of the mirror and of the wb_-

dow were low enough to make negligible the
contributions of the radiation from those com-

ponents as they appear in equation (1). This,
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of course, is also based on the assumption that

the radiosity of the sample is due to its emission
alone.

OPERATING EXPERIENCE

In initial trials, the front, beater of t.he cavity
was not used, and the temperatures within tile

cavity were nonuniform to such a degree that

optical pyrometer indications (corrected sepa-

rately for the transmittance of the window,
internal mirror, and additional external mir-

ror) revealed that the temperature indicated

by the thermoeouple at. the back of the cavity
was, at 1500 ° F, lower by 50 ° F than the indi-

cation of the pyrometer. A correction deduced

from this kind of observation was then applied

to the thermocouple indication. Optical pyrom-

eter observations were always made, but their

interpretations is affected by fogging of the
sodium chloride window after the initial cali-
bration.

When the front heater was made operative,

temperatures inferred from the pyrometer

indication differed by about 5° F from those

indicated by the thermocouple. While this

indicates satisfactory performance, a new cavity

system with an improved heating arrangement

has been produced; its installation was delayed
because of the other difficulties that are next
indicated.

Early in the history of operation, indications

of chemical reaction in the heating system were

given by deposits on cold surfaces, particularly
on the water-cooled radiation shield of the

sample furnace. Also, at 2300 ° F, there was
evidence of chemical reaction with a coated

sample. Finally, in an error in operation, the
temperatures, in vacuum, attained levels above

3000 ° F. Then the cavity orifice was closed by
a deposit and subsequent inspection revealed

a heavy deposit on the cold surfaces of the

cavity jacket near the cavity opening. The

external deposit appeared to be tungsten oxide,

and a green deposit in the cavity opening and

within the cavity appeared to be aluminum

carbide. The source of the oxygen for the

production of oxide was not clear, but there
was visual alteration of the nature of the Fiber-

frax external insulation and this element of

the system is suspect. To allow continued
operation a new orifice and carbon tube were

installed and the use of the cavity was con-

tinued, while the installation of the new cavity

was delayed to permit the replacement of the
Fiberfrax insulation with bubbled zirconia.

RESULTS

Despite the indicated operating difficulties a
considerable number of results have been ob-

tained, on nickel, the coated material XP-6789,

a Chance-Vought coated material, and oxidized

Inconel, at operating temperatures as high as

2300 ° F, but with the majority of the results
secured at about 1500 ° F. These results serve

to appraise the operation of the system but they

do so somewhat indirectly through a comparison

to the reflectance measured at room tempera-

ture on the same sample, and the comparison

is affected by the relatively unknown depend-

ence of the emittance on temperature that the

system is intended to discover. Some of the

results for nickel and for XP-6789 are presented

here to indicate this type of comparison and to

provide at least a partial basis for an appraisal

of the accuracy of the results.

Figure 42-4 contains results for the emittance

of mechanically-polished nickel, and these

results are identified in the order in which they
were obtained. The increase in emittance

which occurs after successive determinations

thereof is attributed to an effect of aging, which

at least visibly changes the surface structure

and apparently does so sufficiently to alter
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its properties. Such effects have been observed

in total and spectral determinations of the

emittance of platinum (ref. 3 and 4). The

values of the reflectance at room temperature

indicate a permanent effect which would require

such a change.

The initial values of the emittance of the

nickel sample are only slightly above the values

found by Hurst (ref. 5), at a similar tempera-

ture, and this lends confidence to the magnitude

achieved for the initial results, at least to a

wavelength of about 9#. At greater wave-

lengths the emittances tend to either remain

constant or to rise, and in this spectral region
current expectation would be for a trend like

that of the Hagen-Rubens law, illustrated on

figure 42--4 by its value for the electrical resis-

tivity of nickel at 2000 ° R. Yet, it is also

known that the Drude theory, of which the

Hagen-Rubens expression is an asymptotic

form, requires a smaller electrical conductivity

than the d-c value, so that it is equally reason-

able to expect an asymptotic trend of the actual

emittances to a Hagen-Rubens line having a

magnitude greater than that shown on figure
42-4. But the trend of the data still arouses

uncertainty and the optical system has been

checked repeatedly in an effort to locate error;

it is quite conclusive that, for instance, the unex-

pected trend of the results is not due to light

scattering in the monochromator. It may be

due to improper image definition in the system,

but it is not yet clear why such an effect, which

would, for example, include some radiation from

the edge of the orifice in tile observed beam,

should produce an effect more important at long

wavelengths.

Because of the difficulties cited previously,

there is also the possibility of some chemical

reaction, and the irregular nature of the reflect-

ance results near 10# suggests that some surface

film may have been present, though the results

at lower wavelengths do correspond well with
other information on this material.

A second set of results is shown on figure 42-5

for a coated molybdenum sample, XP-6789, and

again the tabulation of results is in chronologi-

cal order. Compared to the presentation of the

results for nickel, there is now no comparison

available, either theoretical or experimental, so
that these results for XP-6789 can be considered
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FIGURE 42-5.--Emittance of coated molybdenum

sample.

only as representative of this material and the

difficulties associated with it, and not in the

aspect of verification of the operation of the

system.
Below 2000 ° F the measured emittances

correspond well and they do not depart too

greatly from the reflectance at room tempera-
ture as measured between the two emittance

determinations. It is not clear, however, that
the difference in the emittances at room tem-

peratur,_ and 1800 ° F is exclusively a tempera-
ture effect.

Signiiicant differences in the emittance oc-
curred at higher temperature, first apparent,
in the emittances for 2100 ° F. Those at 2300 °

F changed radically, and the altered appearance

of the sample after this operation supported

the assumption of change due to chemical
reaction. The reflectance results obtained

thereafter support the change in the nature

of the surf:_cc, but the emittance deduced from

these results, while of the correct magnitude,

does not rorrespond well in detail with that

measured at high temperature.

CONCLUSIONS

The system described, intended for the deter-
minati(m of normal spectral emittance in the

temperature range from 1300 ° F to 3000 ° F,
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has, despite certain operating difficulties associ-

ated with the thermal insulation and possibly

with image definition, yielded satisfactory

results for the emittance at temperatures below

2000 ° F. Improvements in the cavity and a

resolution of the problem that has arisen in

connection with thermal insulation should

allow the use of the system for measuring

emittance in the entire design range.
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DISCUSSION

E. SCHATZ, American Machine and Foundry: I get

the impression that you are sighting on the back of the

blackbody. Shouldn't you be sighting on the front of

the blackbody where the radiation originates?

R. A. SEBAN, University of California: The focus is

actually made at the sample position which is about 6

inches from the mirror. When the mirror is turned

that point is just about in the throat of the open part

of the cavity where it necks down. Ray tracing from

there on would indicate that most of the radiation pass-

ing through that section originates at the back of the

cavity. Thus, the plane that you are looking at is

about at the minimum opening of the cavity, but the

radiation which passes through that point comes mostly

from the back.

RICHMOND: Theoretically, I can see no reason why it

should make any difference whether you are focused on

the opening or the back. Presumably, any gas that is

within the cavity will be at the same temperature as the

walls, and there will be essentially no absorptance

within the hot gas.

SEBAN: That is substantially correct. There is a

slightly longer optical path length because of the greater

distance_ but it will not make any difference.
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CHARACTERISTICS
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A method and apparatus is described for the measurement of spectral normal emittanee
in air of a variety of materials. The system permits measurements to be performed over a
wavelength region of 1.0 through 15.0 microns and over a temperature range of 600° F to
1800° F with an accuracy of + 5.0%. The advantages of this system are described. Results
obtained by this system are compared with results reported by another observer using a
different technique.

In order that the proper selection of materials

for the design of space radiators, heat re-

jection systems, and power plants for use in

space can be made, accurate heat-transfer

calculations must be. performed. Since the

spectral emittance of these materials plays

an extremely important part in these calcula-

tions, a program has been initiated at the

Langley Research Center of NASA for the in-

vestigation of these properties. One phase of
the spectral emittance program is the measure-

ment of spectral normal emittance in air of a

variety of materials with stable emittance

properties. These materials include ceramics,

cermets, stably oxidized metals, and coatings
on metallic substrates.

In efforts to provide an improved system for

obtaining these measurements, a technique

together with necessary apparatus was de-

veloped which has proved to be relatively

simple, fast, and reliable. The apparatus

utilized in this system consisted of a modified

commercially-available recording spectropho-
tometer and a blackbody furnace similar to that
used by McMahon in his investigation of

glasses in reference 1. This system permits

measurements of spectral normal emittance to

be made over a temperature range from 600 ° F

to 1800 ° F. Since the primary use of the data

obtained by this system will be for heat-

transfer calculations, the near infrared region

form 1.0 through 15.0/z was chosen. This

region, according to Planck's spectral energy

distribution law, contains a minimum of 90%

of the energy in the 600 ° F to 1800 ° F tempera-

ture range.

The description of this system and the pro-
cedure used to obtain these measurements is

the subject of this paper.

APPARATUS

The apparatus under consideration can be

divided into two main parts. A spectroo

photometer with its detector and recorder is one
part. A furnace, which contains the test

specimen and a blackbody cavity, and an

associated temperature monitoring system and

power supply comprise the second part. These

two parts of the apparatus are described in
detail in the following sections.

Spectrophotometer and Associated Apparatus

A commercially-available spectrophotometer

is used in this investigation. A minor modifi-

cation was made to the optical system to allow
the use of an external source. These modi-

fications together with the original optical path

are shown schematically in figure 43-1. Mir-
rors M1 and M_, as well as the internal source

of the standard instrument, were removed.

Mirrors, Ma, a 6-inch focal length parabolic
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NASA MODIFICATION
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ROTATING SHAFT

FIGURE 43-1.--Optical schematic of spectrophotometer.

mirror, and M,, a plane-surface mirror, were

positioned to transmit radiation from the
external source and to focus this radiation at

the same point as the original instrument optics.

A new cover for this portion of the instrument

was designed with an aperture and watercooled
shutter so that. the radiation from the external

source could be prevented from passing into
the instrument when so desired.

Since this spectrophotometer has several

interchangeable prisms and detectors available
for use in various regions of the spectrum, the

sodium chloride prism and the high-speed

evacuated thermocouple detector with a potas-
sium bromide window were chosen to cover

this spectral region, from 1.0 through 15.0 #.

Furnace and Associated Apparatus

The furnace, shown in figure 43-2, is designed

similarly to the furnace used by McMahon
(ref. l) in his investigation of glasses. It is

constructed essentially of three cubes. The
inner cube, called the liner, serves as the black-

body cavity. It is composed of heavily

oxidized Inconel approximately _ inch thick
and 6 inches on each side. This liner fits

inside a cube of silicon carbide which serves as

the furnace core. The silicon carbide is wound

with 17-gage (AWG) Nichrome V resistance

wire that serves as the heating element.. The

core is well insulated by an outer cube of high-

temperature refractory firebrick. All these
cubes are fabricated in two halves to facilitate

specimen placement. The lower half of the

furnace contains a blackened, tapered, water-

cooled viewport, as well as provisions for

rotating the test specimen within _8 inch of

WATER-COOLED

FIGURE 43-2.--Cross section of blackbody furnace.

the Inconel liner by an external 15-rpm motor.
Since the furnace is divided into two halves

and the Niehrome V windings are separated,

the power is supplied and controlled by two

continously variable autotransformers.

In operation 30-gage (AWG) Chromel-Alu-

me] thermoeouples are spotwelded to the outer
surface of the Inconel liner. These thermo-

couples are constantly monitored to adjust and

hold the temperature of the cavity (and thus
the temperature of the test specimen) at the
desired value.

TEST PROCEDURES

Specimens used for this investigation were
cut. from }._-inch stock in the form of a 4-inch-

diameter semicircle. These specimens were

positioned on the rotating shaft in the furnace
normal to the axis of the viewport and passing

within ,_[_ inch of the viewport for each

cycle of rotation. By manual control of the

autotransformers, the furnace cavity is brought

to equilihrium at. the desired temperature,
and emittance measurements are begun.

An example of a typical recorder trace show-

ing the measuring technique is shown in figure

43-3 for a particular temperature and wave-

length. The recorder zero Vo is displaced

up-scale to allow the complete monitoring of

any change in this setting. The monochro-
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V S ~ V 0

Enk- vs. Vo

VB= BLACKBODY EMF

V5 : SF_CIMEN EMF

Vo ZERO OFFSET

RECORDER
FULL-SCALE

VB EMF

1 -i
T_ME

FIGvRs 43-3.--Typical data trace.

with three thermocouples attached, as shown

in figure 43-4, was placed in the furnace out

of view of the port. The temperature of the

cavity was measured by thermocouples attached

at eight points on the Inconel cavity. The

placement of these eight thermocouples is

also shown in figure 43-4.

The temperatures of the specimen and of the

cavity were measured over the temperature

range from 600 ° F to 1800 ° F and were found

to be in close agreement as shown in figure 43-5.

mator is then set at the desired wavelength

and the water-cooled shutter is opened. The

radiant flux intensities from the blackbody

reference VB and from the test specimen Vs
are then recorded and the water-cooled shutter

is closed. This procedure is repeated at 0.5

intervals from 1.0 through 15.0 _. The mono-
chromator slits are held constant and the

instrument amplifier gain is adjusted at each
reading in order that a maximum recorder

deflection can be obtained. The large re-
corder deflection minimizes the error in cal-

culating emittance values from recorder charts.

The calculation of the spectral normal emittance

E.x is then obtained by the ratio:

V_-11o
En_ _

V_-Vo

CALIBRATION

Spectrophotometer

Since several prisms are interchangeable for

this spectrophotometer, the wavelength indi-

cator is divided in arbitrary units. Each

prism used in this instrument must, therefore,

be calibrated through the wavelength region

covered by this prism. Since the infrared

region from 1.0 through 15.0 _ is of interest in

this study, the sodium chloride prism was

chosen. This prism was then calibrated

through this region by the use of absorption
and emission spectra of known compounds and

elements and a calibration curve of wavelength

indicator number as a function of wavelength
was constructed.

Furnace

In order to determine whether any possible

temperature differential exists between a test

specimen and the cavity, an Iconcl specimen

I FRONT SURFACES

BACK SURFACES

FIOUBE 43-4.--Thermocouple placement on specimen

and cavity.

18

16
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°F 8

-x_o2

O EXPERIMENTAL

I I , I I I I I l
_' 4 6 8 I0 I_' 14 16 18XI0 2

AVERAGE SPECIMEN TEMPERATURE, =F

FIOUBE 43-5.--Deviation of specimen temperature

from blackbody temperature.

Although these temperatures are averages of

all thermocouples on the specimen or cavity,
the actual differences are less than 1.0%. The

specimen temperature was lower than the

cavity temperature over the entire temperature

range, but the maximum deviation was only

0.87% of the absolute temperature. These
measurements indicate that the assumption of

thermal equilibrium between specimen and
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cavity is valid for the nonmeasuring portion of

the specimen cycle. Thus, the measurement of

cavity temperature may be taken also as speci-

men temperature with a possible total emittance

error of less than 3.50%. The spectral emit-

tance error at 600 ° F would vary from 11.0%

at 1.0 u to 1.2% at 15 u, an(] at 1800 ° F would

vary from 3.5% at 1.0 _ to 0.4% at 15 _,.

When the specimen is rotated in front of the

viewing port it radiates to the cooler surround-
ings and obviously must cool. The rate of

cooling is determined by many factors, one of

which is the emittance of the specimen. To

determine the effects of this cooling on emit-

tance measurements the following procedure

was used. An Inconel specimen was placed

in the furnace, out of view of the port, and

heated to 1800 ° F. After the furnace tempera-

ture was stabilized, measurements of radiant

flux intensity were obtained by use of a total
radiation bolometer. With the specimen out

of view of the port, the bolometer was focused

into the cavity, and a measurement of the

blackbody flux intensity was recorded. The

specimen was then rotated past the viewport,

and a measurement of the specimen flux in-

tensity was recorded. This procedure of

obtaining measurements for the blackbody and

specimen alternately was continued for 12

cycles. The results arc shown in figure 43-6
where

fs radiometer output for specimen, rms volts

fB radiometer output for blackbody, rms volts

From a comparison of the ratio of the radiant

flux intensities of specimen a_d blackbody, an

indication of the cooling effect is obtained.

The specimen emittance measured for the

cycle (the first viewing cycle) was 0.95, and

that measured for the _i cycle was 0.94. This

difference is about 1.00%, which indicates

that the specimen cooling from rotating past

the viewport is negligible for most materials.

The reproducibility of this system as meas-
ured during these tests is within 0.5%.

The total error possible in considering all

these factors cannot exceed 5.0% for total

emittance and 12.5% at 1 _ and 600 ° F to

1.9% at 15 u and 1800 ° F for spectral emit-
thrice.

LO0

.95

.90

.85

fs .so
fB .75

.70

.65

.60

.55

.50

I 2 :3 4 5 6 7 8 9 I0 II 120
2

CYCLES

FIGITRE 43-6.---Decrease of radiant intensity ratio for
specimen of gritblasted Inconel X at a furnace tem-
perature of 1800 ° F.

ADVANTAGES OF SYSTEM

This system for the measurement of normal

spectral emittance in air of materials with

stable emittance properties at moderately high

temperatures has several distinct advantages

over many other systems used in these studies.

One advantage is the elimination of attached

thermoc(mples on the surface of the specimen

or use ()f other temperature measuring devices,

such as optical pyrometers, to obtain the tem-
perature of the test specimen. The tempera-

ture of the cavity is measured by thermocouples

spotwelded to the outer surface of the cavity

and the specimen temperature can be main-
tained t() within 1.00% of the cavity tempera-

ture, which makes the system practical for use

with a large w_riety of materials. These in-

chide ceramics, cermets, thick coatings on

metallic substrates, and other materials to

which it is difficult or impossible to attach a

t hern_ocouple.

Methods utilizing a dual-beam spectropho-

tometer for these measurements are compli-

cated by the cost and time involved in

equalizing the path lengths and absorption of
mirrors in each beam. Since a separated speci-

men and black-body reference is used in that

type of operation, a problem of maintaining

them at equal temperatures is present. On

the other hand, nlethods favoring single-beam
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operation and separated reference and speci-
men are confronted with the same problem of

temperature control or the problem of absorbing

gases in the optical path.

The use of the blackbody-cavity method

requires only one path, so that the problem of

equalizing the beams, as in dual-beam opera-
tion, is avoided. The blackbody reference and

test specimen are kept at approximately equal

temperatures, with differences of less than

1.00%, by control of the furnance temperature

alone; thus, the need for elaborate temperature

regulating devices is eliminated. The reference

and test specimen are viewed within 2 sec, so

that the effects of changes in composition and

quantity of absorbing gases in the optical path
are canceled out.

TYPICAL RESULTS

Measurements of normal spectral emittance

using this method have been performed on

several high-temperature materials including
boron nitride, Inconel, Inconel-X, alumina, and

zirconia as well as several other refractory

metals. The apparatus is currently being used

to study flame-sprayed ceramics on refractory
metals.

Figures 43-7, -8, and -9 present comparisons

of the results obtained by this system and those

obtained by Henry H. Blau, Jr. and associates

using a different technique, as reported in

reference 2. The NASA data shown in figure
43-7 were taken from reference 3.

SPECTRAL
NORMAL
EMITTANCE

4 / C3 NASA DATA AT 810_ C

/
2

I I I _ J 1 I BI I 0I I 112 I I J2 4 6 I 14
WAVELENGTH IN MICRONS

FIGURE 43-7.--Spectral normal emittance data for

boron nitridc

SPECTRAL
NORMAL

EMITTANCE

O INCONEL OXIDIZED IN ,AIR (TIME AND TEMPERATURE OF
OXIDATION NOT GIVEN) BY BLAU et ol.

,"-1 INCONEL OXIDIZED IN AIR AT I000 °C
FOR 20 MIN BY NASA

IO

.6

.4

.2

0 2 4 6 8 I0 12 14

WAVELENGTH IN MICRONS

FIGURE 43-8.--Spectral normal emittance data for

oxidized lnconcl at 1000 ° C.

I.C

.B

.6
SPECTRAL

NORMAL

EMtTTANCE
.4

NORTON 5190 AT 650°C BY NASA
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FIGURE 43-9.--Spectral normal emittance data for

alumina.

The measurements reported by Dr. Blau

and associates were made on test specimens

heated in air at temperatures from 600 ° C to

1000 ° C and over a wavelength region from

2.0 to 15.0#, with a reported accuracy of =k4%.

The procedures used differed from those de-

scribed in this paper in that temperatures of

both specimen and blackbody were measured

by embedded thermocouples and values of

radiant intensity from the specimen and black-

body reference were measured independently.

Although the specimen and blackbody heat
source varied from those used in this investi-

gation, almost all other apparatus and tech-

niques were very similar to those reported in

this paper.
One main problem discussed in reference 2

is that of determining the temperature lag of
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the thermoco@les used to obtain the tempera-

ture of the blackbody and specimen.

Another problem, although not discussed

in reference 2, is the control of absorbing gases

in the optical path due to the time interval

necessary between measurements of specimen

and blackbody radiation. The temperature

and humidity of the room were closely con-

trolled so that the errors caused by these ab-

sorbed gases would be extremely small.

As illustrated in figures 43-7, -8, and -9,

agreement in the results obtained by the two

systems is extremely close, and the error in

each system is approximately the same. There-

fore, the choice between these two systems

depends on such other factors as the ease of

specimen preparation and of operation of the
apparatus.

CONCLUDING REMARKS

A system has been developed for the measur_

ment of spectral normal emittance in air of

materials with stable emittance properties.

The variety of materials which can be tested,

the simple mothod of specimen and blackbody

temperature control, and the elimination of

problems _ssociated with absorbing gases in

the optical path are some of the advantages of
this system over others now in use.

Both consideration of possible errors and

comparison of results with those of a prior in-

vestigator in(ti(',ate that the results are accurate
and reliable.
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DISCUSSION

RICHMOND: This paper is now open for discussion,

and I would like to start the discussion by asking what

is the time required to make a complete wavelength

scan from, say, 1 to 15a?

W. S. SLEMP, NASA-Langley Research Center:

This scan can be measured in from 45 rain to 1 hour.

We are taking measurements at 600 ° , 900 ° , 1200 ° ,

1500 °, and 1800 ° F, and with this particular furnace,

we can go from one temperature to another in approxi-

mately 30 rain.

RICHMOND: HOW many points do you get in that

wavelength range?

SLEMP: We obtain a reading at 1 _ and then proceed

each 0.5u through the 15-, reading, which would be

approximately 30 points.

DwmHr MOORE, National Bureau of Standards: I

don't believe you told us either in your paper or in

your talk whether the specimen was driven automati-

cally or whether you just, turned it by hand.

SLEMP: It is driven automatically. We rotate the

specimen at 15 rpm by an external motor mounted at

the end of the rotating shaft.

Mooa_: One of the other papers in this symposium,

which is not being presented, by Mr. Peavy and Mr.

Eubanks of the National Bureau of Standards gives

periodic heat flow analysis of a rotating cylinder

method which is comparable in many respects to what

you have here. In that study we got very sizablo

temperature drops as the point on the surface passed

the viewing port, unless we were operating at speeds

considerably above 15 rpm. Of course, our geometry

was somewhat different. I believe you said your tem-

perature drop was 1%. Is that correct?

SLEMP: Yes,

MooaE: At the temperatures you were using it

would be of al)proximately what magnitude?

SLEMP: At 1800 ° F it was something in the neighbor-

hood of 7%

MooRE: It may be just a difference in geometry, but

our tenlperat ure drops were greater than that.

SLEMP: We h'_ve tested this system by attaching

thermocouples of Chromel-Alumel as well as platinum-

platinum rhodium to the surface of the specimen and

rotating it past the viewport. Whenever we take these

readings we allow approximately 60 sec, while the speci-

men is in the top of the furnace, for it to obtain an

equilibrium temperature before the rotation. At the

temperature of 1800 _ F our temperature variation for

three continuous rotations was only 35 ° .

RWHMOND: This is in further elaboration of Dwight

Moore's comment. I think the conditions are some-

what diff_-rent because the specimens that were used in

the Peavy-Eubanks experiments were ceramic speci-

mens where the thermal diffusivity and thermal con-
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ductivity were much lower than for the metal specimens

used in this particular investigation.

S. SKLAREW, The Marquardt Corporation: Does the

viewing port arrangement modify the apparent emit-

tance characteristics of the specimen? Also, did Blau

use a similar arrangement for viewing his specimen?

SLEMP: Blau did use a similar arrangement. I do not

think that it would change the apparent emittance of

the specimen. It is a straight viewport, although it is

tapered. It is less than _._ inch in diameter on the inside,

and larger than _ inch on the outside. It is also black-

ened and tapered.

RICHMOND: Two questions: First, what was the

spacing between your specimen and the viewing port?

Second, what investigation did you make of the effects

of multiple reflection between the specimen and the

viewing port?

SLEMP: First the Inconel liner is }i_ inch thick. This

fits against the furnace wall with the viewport protrud-

ing into the cavity to be even with the inside of the

liner. Then we rotate the specimen to within }i6 inch

of this so there is, at a maximum, _2-inch space between

viewport and the sample.

RICHMOND: I would still be afraid of multiple reflec-

tions if you are _6 inch away from the specimen, or even

_2 inch away. I think it would be worth while for you

to try to get your specimen up within one or two thou-

sandths if you could, and see if you find any difference

between results with that spacing and with the ¾2-inch

spacing.

SLEMP: This particular furnace is being replaced

with another one where we can have this arrangement.

As a passing comment, the new furnace is platinum-

wound so that it will be able to go on up to 2700 ° F.

Using an arrangement similar to this and mounting the

specimen on top of a ceramic rod will allow us to come

to within, say, a few thousandths of an inch of the

viewport. With the present furnace there is a little

slack in the rod, due to thermal expansion, which does

not allow us to come this close without danger of

marring the surfaces of the specimens to be tested.

HERMAN SCHV_rARTZ, NASA Lewis: Basically, my

question is on this rotating specimen technique. This

is an ideal type of experiment in that there is not an

appreciable thermal gradient through the specimen.

However, where there is net heat transfer, a thermal

gradient does exist. Therefore, how is the isothermal

emittance data transformed to the situation in which
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there is net heat transfer? This is a question I would

like to address to the people who are using the rotating

specimen technique.

W. CLArTOW, Boeing Company: We also use the

rotating specimen technique. In answer to Mr.

Schwartz's question I believe that you obtain a better

approximation when a value obtained on a relatively

isothermal specimen is used in heat transfer analysis

than you do when using values obtained from speci-

mens which may be translucent and not isothermal;

where you do not know the temperatures at the points

of origin of the radiation and therefore, cannot specify

what the emittance really is. At least with an iso-

thermal specimen we can get a property that has some

meaning. It is possible that as we understand the

mechanisms better we can use this and work back to

the gradient cases. We cannot make a measurement

on a translucent material under conditions where a

temperature gradient exists and make any sense out

of the measurement, because we would have to know

the complete temperature distribution and where the

energy was coming from. Usually we do not know

even how it is being transported within the material.

It. L. Cox, Chance-Vought Astronautics: First, I'd

like to comment on Mr. Schwartz's question. I

believe that to resolve the emittance of a translucent

material under the cases of heat transfer and to do it

exactly, you will have to evaluate the optical constants,

the absortion, and scattering coefficients, which could

be done if you measure transmittance as well as emit-

tance. I also want to comment on temperature drop

across the viewing port. We have done an analysis

studying this method, and we have calculated for

aluminum oxide at a rotational speed of 100 rpm a

temperature drop across the viewing port at 2000 ° F

of roughly 8 ° F. Now, if you increase the specimen

temperature to 3000 ° F this temperature drop jumps

up to about 36 ° F. It is very dependent on the

material under test. At 3000 ° F for zirconium oxide,

the temperature drop at 100 rpm is roughly 80 ° F.

This is all for a viewing to heating ratio of about 8%.

SLE]_P: This is similar to what we have experienced.

A 7 ° F temperature drop at 1800 ° F and 15 rpm, for the

metallic specimens which have higher thermal conduc-

tivity and diffusivity than the ceramics you have

tested, will probably result in an error of the same

magnitude.
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Previous papers in this symposium have been

part of an evolutionary process, leading through

an entire temperature spectrum from extremely

low temperatures, cryogenic temperatures, to

the moderately high temperature regime charac-

terized by a peak temperature of about 1500 °

K. The next papers are primarily concerned

with an area of the temperature spectrum
which transcends the state-of-the-art and ex-

tends into the very high temperature regimes.
It is an area which has created new tech-

nological problems in temperature measure-

ment, in designating precise measurement

equipment, and in providing natural and

simulated environments to study the behavior

of materials at very high temperatures. It is

an area which has increased in popularity and

in population many-fold in the past few years.

Many investigators are beginning to appreciate

the inherent problems posed by high-temper-
ature research and development. It is an
area which has taken on increased stature and

import in light of current weapons systems

(Dyna-Soar, RS-70) and future weapons sys-

tems which, in some instances, are still in

pre-preplanning stages. However, without

imaginative and visionary scientific individuals,

technological progress would not be as far as

it is today. Of particular concern is the require-
ment for and the measurement of the thermal

radiation properties of solids in the temperature

range from 1400 ° K to as high as it is experi-

mentally feasible.

The design and performance of advanced
weapons systems and space vehicles depend

to a great extent upon the thermal radiant
energy characteristics of surfaces exposed to

this energy from sources such as high-energy
rocket propellant exhausts, high-velocity shock

waves (orbital and superorbital re-entry), spe-

cial weapons effects, and solar radiation. These

characteristics are emittance, absorptance, re-

flectance, and transmittance, and all are de-

pendent upon the temperature and condition
of the surface under consideration. (Emittance

is a measure of the ability of a surface to emit

radiant energy, and absorptance is a nmasure
of the fraction of incident radiation absorbed

by a surface.) Information on these charac-

teristics is obviously required to utilize properly

available materials and/or coatings in the de-

sign and construction of hypersonic and space

vehicles, among others, to obtain optimum

control of thermal energy entering and leaving
the vehicle.

Although much information on the thermal
radiation characteristics of the surfaces of ma-

terials is available in the literature, the data,

in general, are not reproducible from specimen

to specimen nor from source to source for the

same material and/or coating. This, coupled

with the fact that high-temperature techniques

and high-temperature measurements have not

as yet reached a satisfactory level of accuracy

and reliability, describes a rather unhealthy
technical situation with respect to proper choice

of materials and/or coatings for advanced

weapons systems.

The problems associated with temperature

measurement, particularly in the transition

regime--where thermocouples are being ex-

tended beyond their useful limitations and

where optical pyrometry leaves a great deal to
be desired as far as accuracy is concerned--are

quite well defined. The solutions are not so

well defined, although a considerable amount of

research effort is being expended in this area.
Some of this effort is being directed toward the

443
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development of new thermocouples which can

operate with reasonable accuracy up to about
2300 ° K. These are the relatively new refrac-

tory and refractory metal combinations such

as tungsten-tungsten : rhenium pairs and molyb-

denum-molydenum : tungsten pairs. Consider-
able care must be exercised in the use of these

refractory thernlocouples--to provide suitable

atmospheres to prevent oxidation of the ele-

ments, to eliminate the possibility of chemical
interaction between elements and/or specimen

materials and construction materials, and to

preclude deposition of contaminating materials
on the elements under certain conditions of

vacuum. A great deal of work still remains to
be done in this area.

Progress is being made in experimental tech-
niques. The state-of-the-art has been reached

for the moderate-temperature regions but not

so for the high-temperature regions. Many
techniques have been advanced for high-temper-

ature measurelnents bat none have been proven

satisfactory. Although it may be argued that

any data are better than none at all, in the long

run such data are useless to the design engineer

who is faced with the responsibility of selecting

the proper zn aterial for a particular application.

Efforts are being increased in the development
and perfection of high,-temperature techniques

to achieve greater accuracy and reproducibility
of data.

The m_t.erials problem is illustrated by figure
44-1, a plot of the total normal emittance versus

temperature for coated molybdenum from six

different sources. It is quite evident that it is

impossible to derive any information from this

plot.. The data are inconsistent and vary too
greatly to establish a pattern or a trend. The

graph is presented on a more or less prejudicious

point of view because it indicates a need for

better and/or improved materials and closer

quality control on the materials and their

coatings and not just for improved techniques

of temper_ture measurement and control.

All three _u'e intimately enmeshed with each

other, and all are equally vital in our scheme

of things. In the quest for techniques of

measurement and temperature control the

critical need for better materials (and more

information about them) must not be over-

looked.
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45--A 500 ° TO 4500 ° F THERMAL RADIATION TEST

FACILITY FOR TRANSPARENT MATERIALS

BY W. A. CLAYTON

THE 8OEING COMPANY,SEATTLE, WASHINGTON

This paper describes a new method designed for very high temperature measurements
on the general case of transparent materials, which automatically provides for measurements
on semitransparent or opaque materials. Total normal emittance and total normal apparent
transmittance are measured. The corresponding spectral properties can be measured with
the addition of a monochromator and collecting optics. Lack of a suitable technique has
previously limited the collection of emittanee and transmittance data to about 1800 ° F on
optical and infrared transmitting materials and the bulk of the dense ceramic bodies. Pre-
vious methods of other investigators arc briefly reviewed.

An error analysis from a 500 ° to 3000 ° F prototype thermal radiation test facility is
emphasized in this paper. Some comparative data are shown. The absence of any tempera-
ture limitation in the experimental approach other than material reaction is demonstrated.
Accuracy that can be expected in any measurement is apparent. Overall, the method
described in this paper is shown as superior for the determination of accurate, analytically
defined high temperature thermal radiation properties on any solid material.

Lack of ability to measure thermal radiation

properties at high temperatures on the general

case of transparent materials has prevented the

collection of reliable data on important classes

of solid materials, particularly ceramics for

higll-temperature applications. The method

presented in this paper offers capability for
simultaneous measureInents of emittance and

high values of apparent transmittance to above
4000 ° F. The method is believed to meet

basic requirenlents for a standard method since

it provides capability for accurate, analytically

defined measurements on any solid material

The nomenclature and experimental methods
of McMahon (ref. 1), with McMahon's theoreti-

cal work expanded and generalized to the three

dimensional case by Gardon (ref. 2), provide
the basis for the method described here. Dis-

advantages of previous methods developed on

the same basis are eliminated in the present
facility. McMahon's furnace could not be

used with the relatively slow response times of

the more rugged and reliable thermal radiation

detectors, and his mechanisms for viewing a
rotating, semicircular specimen inside a furnace

and alternately viewing the furnace as the

reference blackbody cavity could not be used

above 1800 ° F. Moreover, the accuracy of

McMahon's method was limited by the difficul-

ty in verifying the assumptions on the relation-

ship of the specimen temperature to the measured

furnace temperature. Armour Research Foun-

dation (ref. 3) later developed another device

which presented a series of specimens on a

reciprocating rack at a view port in a very long
tube furnace surrounding the rack, enabling
measurenlents to 2800 ° F on several specimens

at a time. This approach, however, did not
eliminate the limitations of the earlier McMahon

furnace. The new facility to be described was

designed to provide more accurate measure-

ments over an unlimited temperature range
with standard instrumentation.

NOMENCLATURE

_rn Total hemispherical emittance: the fraction of
the theoretical maximum (blackbody) thermal
radiation actually emitted over all wave-
lengths and angles by a material as a conse-
quence of its temperature

_w Total normal emittance: emittance over all
wavelengths in a small solid angle about the
normal to the specimen surface

rw Total normal apparent transmittance: the
fraction of radiation incident on a fiat speci-
men from all angles and wavelengths which is

445
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transmitted to emerge in a small solid angle

about the normal to the surface, regardless of

the path through the material.

PrN Total normal apparent reflectance: the fraction

of radiation incident on a fiat specimen from

all angles and wavelengths which is reflected

in a small solid angle about the normal to the

surface, regardless of where in the material

reflections occured

T temperature, ° F or ° R

T, Specimen temperature (true), o R

7", Apparent specimen teml)erature: blackbody

t.emperaturc which would give a radiant heat.

flux equivalent to the total radiation flux

emitted from the specimen, o R

T,, Apparent specimen temperature: blackbody

temperature which would give a radiant heat

flux equivalent to the total radiation flux

emitted and transmitted by the specimen, o R.

TB_ Blackbody reference temperature, o R

T,R_ Blackbody transmittance source, temperature,

Q R

C_ Reflection correction, fraction of measured radi-

ation not due to included reflection errors.

APPARATUS AND TEST METHOD

This method is designed for use on trans-

parent, as well as opaque materials, and
sinmltaneously measures botil emittance and

apparent transmittance. Figures 45-1 and

45-2 are a sketch and photograph of the overall

facility, which in its present prototype form is

designed to operate in inert atmosphere. An
induction heated furnace is used to obtain a

combination of isothermal specimen and high

temperature. The specimen and its support,

which incorporates a 3:1 depth to diameter

blackbody reference, rotate inside the induction-

heated furnace. The rotating blackbody is

sighted through a water-cooled tube inserted in

the side of the furnace. Since the blackbody
rotates with the specimen and is heated to

approximately the same temperature as a

function of constant geometrical conditions, the

true temperature of the specimen can be easily

and accurately deduced from temperature

measurenlents on the rotating blackbody refer-

ence. In addition, when a thernlocouple i_

installed at the base of the rotating blackbody,

it provides radiometer calibrations for use in the

calculation of emittance and apparent trans-
mittance.

Emission from and transmission through the

rotating specimen is measured through the

water-cooled sighting tube at the top of the

furnace, which is mounted in an eccentric that

can be i_(texed so that tile specimen sighting

tube sees ttle specimen in two ways. It is shown

at the inside position in the sketch, where the

radiometer sees the energy from the specimen

plus the energy transmitted through the

specimen, Taking its effective opening as the

area under the sighting tube, the source of the

transmitted energy is already calibrated since

it is a 3:t blackbody at. the same temperature
as the reference blackbody. At the outside

position the radiometer sees energy emitted

from the specimen only. The radiation trap

blocks transmittance through the specimen and

prevents reilection upward of energy emitted
in the downward direction. A 7.5-inch-di-

ameter specimen is required for measurement
of both emittance and apparent transmittance

in this prototype facility. Variable specimen

thickness is provided for by raising and lowering

the top sighting tube with the ratchet device

shown in figure 45-2.
About 3 hours are required to obtain equilib-

rium throughout the present furnace, at which

time totaJ radiation readings are recorded with
calibrated Brown Instrument Company model
RL-2 miniature radiamatic radiometers which

cover the wavelengths 0.2 to 9.6 u (ref. 4).
About 20 t_dn must be allowed between read-

ings at the two sighting tube positions. Spectral

properties ,'ould be obtained with the addition

of a monochromator and collecting optics. All

data taken through the specimen sighting tube

are functions of the temperature of the iso-

thermal specimen which is related to the

temperature of the geometric blackbody refer-
ence rotating with the specimen. In this

maturer, the measurement of temperature can

be accomplished by radiation pyrometry on the

blackbody alone, avoiding problems associated

with the unreliability of thermocouples capable

of operating to 4000 ° F, the difficulties in

attachin_ s.ch thermocouples, and their tend-

ency to react with specimens at such tempera-
tures.

OPERATING EQUATIONS

All measurenlents of the total normal radiated

energy can be expressed in terms of the fourth
power of t lw temperature of a blackbody that

would 1,e r_diating the same energy through the

same view factor (ref. 5). This apparent, black-
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ARGON

scCCENTRIC MOUNT FOR
_OlqING 81GHTING TUBE

GRAPmTE

MINIATURE
RAIXAMATIC
RADIOMETER

GRAPHITE TOP POWDER

SPECIMEN

JUSCEPTOR

TRAP

INDUCTION COIL

ARGON

BLACK BODY
FOR TRANn_FrANCE

SYMBOLS:
S---BLACKENED
P ---_ED

FIGURE 45--1.--500 ° to 4500 ° F thermal radiation test facility.

body temperature can be obtained in any

measurement directly from the radiometer

millivolt output by use of the radiometer black-

body calibration curve. In this manner, all

characteristics of the particular radiation de-

tector in use are accounted for in its blackbody

calibration. Total normal emittance is then

expressed as below. (All terms are defined in

the Nomenclature section.)

T._
_rN=_ (1)

The measurement of the emitted plus the trans-

mitted energy taken with the sample over a
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I

INDUCTION COIL ---7

CAST IN A LUMINIA

MANUAL ADIUSTMENT
FOR SPECIMEN THICKNESS

SPECIMEN SIGHTING TUBE

(SHOWN REMOVED )

÷5

BLACK BODY REFERENCE

RADIOMETER

INERT GAS SAND SEAL

VARIABLE SPEED DRIVE

SLIP RING ASSEMBLY FOR SPECIMEN ROTATION

FOR CALIBRATION

FIGURE 45-2.--Thermal radiation test facility--front view.
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|)laekbody transniittance source at the same

temperature is also expressed in terms of an

apparent blackbody temperature.

TL
_rN+ rrt0-- T_ (2)

Total normal IransNlittance may then |)e ob-

tained from equations (l) and (2) by subtrac-
tion.

TL T_
rrN= T4 T.* (3)

Ttmse equations are analytically exact only for
the ease where no corrections for reflect,ion

errors or temperature gradients in the furmwe

are required.

Actual values and theory for any correction
ierms which must be ad(le(1 to the above basic

e<luations _ci'_, derived from the laboratory
analysis discussed in the following section.

l_](tuations (1) and (3) ilre rewrilien Io inclu(le

all tile. terms whicti liiav I)e required ill actual
lueastlreiilelltS,

• 4 4
T, ,,. THB

erN:r 4 "( R" _ (4)
T_, T,

[ "'
T,,-

rrN= (YR insi(le'T_ H

T_,4 T_4 inside (,R outside] T;. (5)
:/B_ T. outside l T¢BB

In general, tim uncertainly in tina| results

obtained by using equations (4) and (5)

increases |is the therniocouples installed for

direct nieasurellieiii of l]ie ieniperalure cor-
rection factors are reliiovt, d.

|n equation {5) lhe lransniiltanco is based on

the lrailslnil Iallco blackbody leillperaturt_

rather [tiali Oil lhe sainple leuiperalure because

the llleasured tralisJiiillanee will lie more

sensitive 1o the incident radial|on level than I.o

lhe shift in sl)eciral distril)uiion over a snudl

leiuperaturo rallge. Aiioiher available oper-

at.ing equalion is the faniiliar equation relating
appltrelit reliecl alice io Oillillance and appareli t

tralisniil, t itm,(_.

PTN _ 1 -- erN-- TVN (6)

ERROR ANALYSIS

Evahialion of a facility on the basis of a

detailed lllUdySis of all coneeivat)le errors pro-

vides tim best description of the operating
characteristics of tim facility. It also makes

possible a valid prediction of the errors involved

in measurements, and provides a guide for

improvement or extension of the capabilities of

the technique. For these reasons, this paper is
devoted to, and its conchisions are based on the

detailed error analysis conducied on tim proto-

type ihennal radiation lest facility.
First it was determined that the furnace was

suflMently isothernial for the success of the
concept. Tlieriliocouples installed on the fur-
nace walls after initial assembly showed lhal

at 2000 ° F the vertical walls and inside top of

the furnace were isothernuil witliin _1%

except within a 1}2/ inch radius of the sighting
tube entrances to the furnace.

The remaining analysis of the facility involved

the determination and qualification of all

factors required for operation according to

equations (4) and (5). The experimental

procedure for the evaluation of these factors

was simply the determination of temperature

distribution within the operating facility on the

basis of platinum-platinum 13% rhodium (Pt-

Pt, 13°-/o Rh) thermoeouples installed on the

furnace walls and on the rotating elements

inside the furnace. Thermocouples installed

on the rotating elements were read-out through

the slip ring assembly shown in figure 45-2.

CORRECT DETERMINATION OF SAMPLE RA-

DIATION T_ AND T_r

Accuracy of Radiometer Blackbody Calibrations

All radionieters were calibrated against a Pt-Pt,

13% Rh thermocouple installed in the rotating
|)hwkbody reference sighted through the side of the

furnace. A thermoeouple is in continuous use at

this blackbody position when temperatures
over 2500 ° F are not required. All temperttture

calibration points obtained on any of these

radiometers have fallen within :t: }_% of a mean

line through all the points. Calibration points
have been obtained in reference to 10 different

Pt-Pt, 13% Rh thermocouples installed in the

rotating blackbody. At least 30 calibration

points have been obtained on each radiometer.
Since at least 8 inches of the referenced

thermocouple is heated to within + 1% of the

iunction temperature, errors in the thermo=

couple reading due to conduction losses are
eliminated. There is no fluctuation in the
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thermocouple reading or the radiometer output

at any temperature due to the rotation of the

blackbody.
Since it had been demonstrated that the

radiometer calibrations are stable and that the

temperature of the blackbody was adequately
known, the only remaining question was that

of the blackness of the blackbody reference.

A major criterion for a successful geometric
blackbody is that its surfaces be isothermal.
The isothermal characteristics of the furnace

itself and the constant temperature obtained

from the thermocouple installed in the black-

body, no matter what its position during rota-

tion, were indications of the isothermal
characteristics of the blackbody. Additional

experimental proof of the isothermal character

of this rotating blackbody was the fact that

optical pyrometer readings on holes in the

blackbody base or on any portion of the cavity
walls or adjacent furnace wall were identical

and within 10 ° F of the installed thermocouple.

In addition, it was impossible to distinguish

corners or edges in the blackbody. Rotation

of the blackbody within the isothermal furnace

makes possible its excellent isothermal
characteristics.

The theoretical emittance of an isothermal

cavity can be determined from one of several

theories (ref. 7). The theory of Gouff6 is most

easily applied to an unusual shaped cavity (ref.

6). From the Gouff6 theory, an emittance
of 0.996 is obtained for this cavity. The large

inside surface area of this unusually shaped

cavity gives it an effective emittance higher

than could be obtained with a cylinder or cone

of the same depth to radius ratio.

It has been shown that the cavity is black
and that ideal conditions for temperature

measurement exist, so the radiometer calibra-

tion accuracy lhnits are the same as tim precision

obtained against several calibrated thermo-

couples over many measurements, i.e. 4- }4%

of the blackbody temperatures from a line

fitted to all data points.

Reflection Error

In the measurement of the energy emitted or

emitted plus transmitted by the sample,
there are potential reflection errors of two

different types. These errors arise because

there must be a clearance between the end of

the sighting tube and tile rotating specimen

which allows furnace energy to inpinge on the

specimen target area at, grazing angles, and
because the specimen sighting tube does not

absorb 100% of tile energy impinging upon it.

The effect ,)f the errors was calculated, and

methods were devised for experimental deter-

ruination of the error on samples for which the

calculated corrections might not apply.

About 90% of the total potential reflection

error is a result of furnace energy passing
throu/}J the m,cessary clearance space between

the spe('imen sighting tube and the rotating

specimen amt diffusely reflecting from the

specimen target area directly t,o the total

radiation detector. The remaining reflection

error resuhs from the fact that a small portion

of the radiant energy striking the hlackened

interior of the water cooled specimen sighting

tube can l)e diffusely reflected back to the

specimen target area where it is again diffusely
reflected to the total radiation detector.

Figure 45-3 is a plot of the calculated total

poten|i_d reflection error. Tile error for a

diffusely-reilecting specimen is the maximum

possible error. A specimen with combined

diffuse and specular reflecting characteristics
will cause a reflection error less than the

perfcctly diffuse reflecting specimen, since that

part whi,.h is speeularly refleeted cannot cause
an error, l)eVos (ref. 8) has given the reflecting
characteristics of clean metals of various

roughness in a form that is easily applied to a

calculation of the effect of partially diffuse
reflectance on emittanee measurements. The

lower two curves in figure 45-3 are for clean
metal on the basis of the DeVos data. While it

is true that almost no low-emittanee surface will

have highly difluse total reflect.ion character-

istics which give the maximum error, the error
for sm()ot]t metals can be as high as 15%.

It was necessary to develop a method for the
experimental determination of the reflectance

error on smooth specimens for the purpose of

correcting the measured emittance and to cheek
the validity of the calculated reflection errors.

The m,,thod developed was suggested by the

fact that most of the error is caused by direct

sample rtdlection of furnace energy. If there
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could be no gap between the sighting tube and

the specimen, the reflection error could be

neglected.

A Pt-Pt, 13 % Rh thermocouple was spotwelded

to the surfaceof a polished Pt-Pt, 13% Rh speci-

men for specimen temperature measurement.

After equilibrium was reached and the regular

emittance measurement was made, the distance

between the sample and the sighting tube was
varied between h/ in. and 1 in. For each dis-

tance setting, a new emittance was measured.

The emittance values obtained at each sighting

tube distance from the sample were expressed
as a percentage of the emittance value obtained

at a distance of _ in., the regular sighting tube
distance, and plotted against sighting tube dis-

tance from the sample. Extrapolation of this

plot to zero distance gave the correct percentage

of a reading at _ in. distance which was due to

emitted energy only.

This procedure was carried out at several

temperatures, and it was found that tile error

was independent of temperature, as expected.

The experimental correction point for the pol-

ished Pt-Pt, 13 % Rh specimen is shown on figure

45-3, after adding the small reflection error

which still remained. Good agreement with the

calculated error and its independence of tem-

perature corroborates the calculated error. It is
estimated from the results of this experimental

test that tile reflection error can always be

corrected to cause less than 3% uncertainty on
the measured emittance value for the worst case

of a very low emittance specimen, with the un-

certainty decreasing linearly as the specimen

emittance approaches unity.

Transmission Error In the Emittance Measure-

ment

Tile effectiveness of the blackbody radiation

trap in preventing transmission during measure-
ment of the sample emittance depends upon the

scattering characteristics of the semitransparent

sample. As in the case of the specimen sighting
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tube, furnace energy can impinge on the speci-

men through the necessary gap between tile

radiation trap and the sample. The possible

error due to the transmission of this energy is
diflieult to evaluate for any real case, but a com-

bination of worst conditim_s will give an esti-

Inate of its importance.
The worst ease that can be visualized is a

very transparent specimen with a rough, diffuse

reflecting surface and a characteristic of con>

plete scattering of transmitted energy. With-

out offering any detailed proofs, it can be seen

that for a thin sample of this type, the view

factors involved are essentially the same as for

the first surface reflection errors previously
evaluated, and that the total error due to

furnace energy is essentially the same as for the

ease of the opaque materials. Errors not a

result of apparent first surface reflection will be

a result of apparent transmission of furnace

energy, making the total error the same for any

emittanee whether or not the specinlen is
transparent.

Therefore, the reflection error given in figure

45-3 ean be used as an indication of the magni-

tude of reflection plus transmission error on

transparent specimens during the emittance
measurement. During the transmission meas-

urement, there is no transmission error so the
maximum reflection error alone can be obtained

from figure 45-3 by using values of etnittanee

plus apparent transmittance in place of emit-

t anee alone. For any case in which the

specular eharaeteristics of the specimen are in

doubt, actual errors can be determined by

varying the distance from the sample of both

the specimen sighting tube and the radiation

trap, and extrapolating the variance in meas-
ured values to zero distance to obtain the
correction.

Quality of Transmittance Blackbody

The blackbody for tr,msmittanee measure-

ments is the graphite hollow cylinder upon
which the specimen rests. Its isothermal

character is shown by the fact that thermo-

couples pressed into the base of the blackbody

and placed between the specimen and the top

edge of the cylinder (luring emittance tests

always read within 1% of each other, the one

under the specimen reading lower. The theory
of Gouff6 applied to this cavity yields a thee-

retieal emittance of 0.996. It is important to

note that the high efficiency obtained with

Gouffd's equation is for hemispherical radiation.

Richmond (ref. 9) has made it clear that for

measurements of total normal transmittance,

energy incident on the specimen must be

hemispherical. The large diameter of the

cylinder with respect to its effective opening,

which is the area under the specimen sighting

tube, (ogether with the high emittance of its

graphite walls, assures that the incident radia-

tion to be lransmitted is representative of a

hemispherical source.

r|'lll'l'InO(?Oll [)|e nleasureInent s haa;e showll

t hat t h(, tr_nsmit tance blackbo(ly temperature

is always withiJ_ ,1/2%of the reference blackt)odv

temperature. Transmission calculations are
therefore' I)as(,d on the hla('kbody referent(,

{enlp_,l'aI Ill't' ex('cpt in cases where thcrmo-

['oupl,_ ar_. in_talle(l. The, a correction is

made for lhe _07o or less temperature (litfercn('e.

CORRECT DETERMINATION OF SAMPLE TEM-
PERATURE, T_

To c:dcuhtt(, tit(, specimen emittanee and
transmillance on lhe basis of the measured T,

and T. (walmtted in the previous section, the

true spl,(.imcn temperature, T., is needed for

e(tuatiml_ (4) and (5). A lnajor advantage of
the Ibm'real radialion test. facility is that th('

samt)le leml)erature can I)e obtained indirectly

from t},' ;_ccurate temperature llleasltrolnell|.".;

possibh, on the rotating blackbody.

To evahmle the relationship of the spccilnen

tenlperaiurc to the temperature at the black-

be(Iv r(,ferelwe, thermoeouplc temperatur('

mc'lsur,mvnls were taken at both position_

during lests on Pt-Pt, 13070 Rh and oxidized

Unitemp 41 samples, as shown in figure 45-1.

The sample t hermocouple wires were independ-

ently spo/welded to tim test surface and ran

parulM lo and just above the smfface to a

two-hole ahlmimt, insulator protruding through

a hole at the center of the specimen.

For a sumple rotating at constant speed, tit('
greatest t,'a]Ment an(t lowest average samph,

teml)craturc will be obtained on any point
which inscrihes the circle whose are under the

sighlin,: lul>e spans the maximum angle. Tlw

specimen t lwrmocouple was spotwelded at a
position lo evaluate the worst case defined

abovt,. Tmnpcratures for points on the speci-
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men which spend a lower proportion of time

under tile sighting tube were obtained by

rotating the sighting tube toward the omsi<le

position. Tr_msient temperatures were re-
corded on a special, Boeing modifie(I, Brown

strip chart recorder, _md fine-wire i t_ermo-

couples were used to tillthermal lag ,is much

as possible.
The maximum transient r_mge for the speci-

mens was 0.50/0 of the lemper_lture at tempera-

tures from 800 ° to 1200 ° F. The specimen was

rotating at the slowest speed provided by the

belt drive pulleys instulled (16 rpm), avoiding

problems of alignment and of holding the speci-
ment in place at higher speeds. Transients

with the sighting tube moved toward the out,-

side position were somewhat less, but the

average temperature was very nearly the same.
On this basis, it was (,on(.hMed that the tr_m-

sient specimen temperature conditions were

negligible, and that the average thermoeouplc

reading at the position correspomling to the
worst case couhl be taken as representative of

the sample temperature at the inside sighting

tube position.

The average sample temperature at the inside

sighting tube position is plotted against the

temperature of the blackbody reference in
figure 45-4. It can be seen that the relation-

ship of the sample temperature to temperature
at the blackbody is essentially t,he same for

both the high emittance oxidized Unitemp-41

and the low emittanee Pt-P L 13°/o Rh.

It. is believed that the thermoeouple readings

were accurate, since the wires were healed to

nearly the same temperature as the hot: june-

tion. The points given in figure 45-4 are for

two thennocouple installations on each speci-

men, or a total of four different thermocouple

installations, so that any random errors in the
thermoeouple calibrations are included. The

temperature correction is independent of tem-

perature because it is primarily a function of

the radiant heat exehan,_e view factors, and

they are constant.
Some additional considerations are involved

ira extending the temperature correction ob-
tained from thermocouple measurements on

metal specimens to the case of dielectric speci-

mens particularly thick, highly transparent
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specimens. The maximum gradient possible

through a specimen normal to its surfaces is
the difference between the specimen tempera-

ture measured on metals and the temperature

of the blackbody reference. For a specilnen

emitting from throughout its volume tim emis-
sion will be from the total range of temperature

included in the gradient. However, the gra(ti-
ent is a small percentage of the higher temper-

ature; is independenl of eluittance, and the

total emittance will be largely from the volume

near the surface under the sight, ing tube.

Hence, the telnperature vehd.ionship measured

for metals should hoht reasonably well for di-

electric materials when the sighting tul)e is at

the inside position over lhe transmittance

blackbody.
Since the radiat.ion trap is required for emit-

tanee measurements on transparent materials

the relationship hetween tim sample tempera-

ture with the specimen sighting tube at the

outside over the radiation trap and the temper-

ature at. the inside position over the transmit-

lance blackl)ody was determined for stannie

oxide-coated Corning 7923 alumina-silicate

glass at low temperature. Stannie oxide-

coated alumina silicate glass was chosen be-

c.ause it has practically no transmission for

energy from temperatures below 700 ° F. Since

the average specimen temperature is a function
[-)" lof constant _.eo netrwal factors, the temperature

relationship for temperatures below 700 ° V

holds for all other temperatures.

The measured ratio of emitted energy at, the

inside sighting tul)e posilion to that at the oul-

side sighting tube position was 1/1.24 This
means that the tet_lperature at the outside posi-

tion was _/1.24 or al)oul 5.5% greater than the

temperature at the inside position, so the tem-

perature at the outside position was higher than

the blackbody referense temperature. The

apparent inconsistency here is explained by
the fact that the furmwe was designed to limit

heat losses at the top end as ('ompensation for

the presence of the water cooled heat sinks iz_

that position. This is demonstrated t)y the

fact that during heal up periods, rotating ele-

ments near the top of the furnace are heate(l
faster than those near the bottom of the furnace.

The error in in(tirect sample temperature

measurements on the t)asis of the blackbody

reference temperature is bdieved to be repre-
sented t)v the scatter in measured values shown

in figure 45 4. For measurements at the in-
side sighting tube position, a conservative
estimate of the resultant error on measured

values of enlittance plus transmittance is ± 3%.

For indirect temperature measurements at the

outside t)osition, the error in the radiant energy

measurements on which the temperature rela-
tionship Io the inside position is based must

be added, making an effective error of ± 6% on
the tiiml emittance value.

TOTAL MEASUREMENT ERRORS

Rather than attempting to present a staffs-

tical interpretation of the accuracy of thermal

property measurements made in this facility,

percent age limits of error have been determined.

This approach has been selected for several
reasons:

(1) Statistical analysis of the results of any

experiment includes a variance due to

the instability of the material measured,

and will rarely give a true picture of the

precision of the test method alone.

(2) Statistical analysis of the results of any
measurement gives no information on
any deviations from the true value of

the measured property.

(3) Statistical analysis of measured factors

which are used to obtain the final results,

including any correction terms, might yield

a statistical expression for the final result

expr(_ssed as a product of the ineasured

fa('to_. Itowever, results from this kind
of comtdnation cannot be rigorously
obtained unless the error distribution of

each of the experimental factors can be

a,alytieally expressed. Adequate ex-

pressions for the error distribution of

every factor in the measurement is

usually not possible, at least not without
considerable data on each factor.

At su(:h tame as sufficient volumes of operat-

ing d.lta ave obtained, a statistical description

of the validity of results front the facility will

be attempted by the approach in (3). Since

the facility described in this paper is relatively

new, it is most useful at this time to obtain tile

best estimate possible of the maximum devia-

tion of experhnental results from the true values

of the l)coperty under the condition of the test.
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Percent accuracy as reported herein means

that the true value will not vary from any

experimental value by more than the stated

percentage accuracy, i.e., accuracy limits of

+9% --11% mean that the true v_lue is on

more than the 9% above or 11% below the

measured value; percentages are based on the

measured value.

Percentage accuracies reported in this manner

are obtained from an analysis of the measure-

ment techniques employed. They represent
the accumulated inaccuracies contributed by
all conceivable factors in the measurement when

all portions of the test equipment are operating

according to the normal fashion determined in

the laboratory analysis of the measurement

teclmique. Limits of accuracy determined in

this m_nner are not final, but may be narrowed
any time the uncertainty in any factor in the

measurement can be reduced by technique

improvement, etc.

Figure 45-5A shows the breakdown of the

total error for the various ways in which the

thermal radiation test facility may be instru-

mented for emittance measurements on opaque

materials, where the specimen sighting tube is

at the inside position. Figure 45-5B shows
the error breakdown on the emittance measured

on transparent materials, whero the specimen

sighting tube is at the outside position over the
radiation trap. There is greater uncertainty

in the specimen temperature with the sighting

tube at the outside position, as previously

discussed. It is apparent from figure 45-5 that

the use of thermocouples, when possible, de-

creases the uncertainty in the results.

For opaque materials such as metals, where
emittance measurements can be made with the

sighting tube at the inside position, the incre-

mental uncertainty in the calculated reflectance
value is the same as in the measured emittance

value, and the percentage error in reflectance is

easily calculated. Obviously, high percentage
error in reflectance will be obtained when the

emittance is high. For transparent materials,

the error in the apparent transmittance and
apparent reflectance values is dependent on all

three thermal radiation properties, hence is not

so simply illustrated. The error in apparent
transmittance is a function of the error in the

two measured values, transmittance plus emit-
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Based on average error involved in measurements

without thermocouples--least error possible with

t hermocouple installed is above one-half that shown.

tance and emittance alone, used according to

equation (5). The error in apparent reflectance
is a function of the errors in the final apparent

emittance value and the final apparent trans-

mittance value used in equation (6).

Figure 45-6 presents homographs for deter-

mining the potential error in the apparent

transmittance and apparent reflectance values

resulting from any measurement. Tim high

percentage errors in low values of measured

apparent transmittance and apparent reflect-
ance values are a consequence of the lack of

practical general relationships other than the
differences between large, nearly equal measured

values. For the limited special cases where

adequate expressions for the transmission and
reflection mechansims can be written, values

calculated from optical constants may be of

692-146 0--63---30



456 Measuremen! of Thermal Radiation Properlies of Solids

FIGURE 45-6.--Percent.age error obtained for transparent materials on "tpparent reflectance values (A) and on
apparent transmittance values (B).

greater accuracy when t.ransmittance and
reflectance are low.

The limits of accuracy obtained by this

method are by nature conservative, since the

limits depend upon all factors in any measure-

ment being in error by the maximum amount

in the worst combination of plus or minus sign.
A mean value from several measurements will

always lie well inside the limits of accuracy
indicated.

COMPARISON OF MEASURED VALUES

(%mparison of cmittance measuring methods

on the basis of the respective experimental
wdues obtained is usually difficult due to varia-

tions in samples tested and in their behavior

under differing test environnmnts. It is unusu-

ally fortunate theft three vMid bases are avail-

al)le for the comparison of measured values

obtained on the thermal radiation test facility;
high and low emittance metal standards pre-

pared by the National Bureau of Standards,

high and low emittancc controlled specimens

distributed to several investigators through the

Aeronautical Systems Division, and the rela-

tively inert and reproducible high-temperature

transparent glass materials.

Figure 45-7 presents data obtained by Boeing
and the National Bureau of Standards (ref. 10)

on duplicate specimens prepared at NBS and
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t?/_ua_; 45-7. National Bureau of Standards cali-
bration thermal radiation test facility.

provided by Aeronautical Systems Division.

Boeing _md NBS results were compared after

con_pletion of the testing in both laboratories.

As can be wen from figure 45-7, the Boeing

emittan(.e values agree with the NBS values for

the emitt_mce standards well within the experi-

mental ac('uraey of the Boeing results. The

Boeing results are on the basis of the sample
temperature obtained indirectly from a thermo-

couple installed in the blackbody reference

rotating with the sample, giving a potential error
of =t=6% on the oxidized Ineonel standard and

-/9%, --11% on the Pt-Pt, 13% Rh standard.

The higher negative limit on accuracy of the

Pt Pt, 13% Rh results is to include the effect of a

small ,rea that was aceidently scratched. The
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NBS reported average standard deviations for

their values, in order of increasing tempera-

tures, of 0.0103, 0.0160, and 0.0074 on tile oxi-
dize(] lnconel and 0.0065, 0.0070, and 0.0074 on

tile Pt-Pt, 13% Rh. The NBS results were

independently substantiated })y their relation-

ship to the very accurate (± 0.02) measurements

of total hemispherical emittance made at NBS.
Results of an emittance "round robin"

conducted through the cooperation of the

Aeronautical Systems Division are shown in
figure 45-8. These results indicate that the

Boeing and WADD contractor facilities com-

pared can be expected to give equivalent

measured values on materials unaffected hy

test conditions such as heating time and test
atmosphere. All specimens of oxidized Uni-

versal Cyclop Unitemp-41 and of Pt-13% Rh

used in these tests were cut from a single sheet

of each material at the Boeing Company. The

rather large scatter in the data is due in part

to some instability in the emittance values of
these materials under the various test conditions

used, and is an indication of the extreme

difficulty of the task of providing a material
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standard of emittance. The NBS standards

furnished to Boeing were superior to the round

robin samples, a result of an extensive emittance

material standards program conducted by

NBS, and it would be desirable if NBS control

samples were used in any future emittance

round robin on opaque materials.

The chemical stability and reproducibility of
high-temperature glasses make thenl a good

basis for data comparison at. the present time.

Figure 45-9 presents data from the Boeing

thermal r_.diation test facility on one

available transparent material. (?omparison

values are available only at the lower tempera-

tures (ref. 3), but the Boeing values appear to

substantiate previous values in the literature

as well as extending the tenlperature range of

the previous data.

CONCLUSIONS

Evaluation of a facility on the basis of a
detailed analysis of all conceiwtble errors

provides the best description of the operating

characteristics of the facility, a valid basis for

predicting errors involved in measurements,
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and a basis for nnprovement or extension of t.he

capabilities of the technique. The close agree-
ment with NBS values for emit.tahoe standards

is an indication that the Boeing thermal radia-

tion test facility has been adequately evaluated,

potential errors successfully corrected or elimi-

nated, and that results from this facility can

be expected to be accurate within the limits

of error given.

The method presented in this paper offers

above-average accuracy and higher temperature

capability for general case measurements on
either transparent or opaque materials than

any other existing technique. The techniques

utilized in the describe(t facility are subject,

to only the material limitations to furnace

temperature capability and the necessity to
maintain the desired specimen condition. For

example, the practical limit of the prototype

facility described in this paper is 3000 ° F due
to contamination of specimens by products of

the graphite furnace components. For un-

stable specin_en materials intended for short

time applications, faster techniques, if available,

J))ay be required.
While total normal emittance and apparent

transmittance are measured in the Boeing

prototype facility, the corresponding spectral

properties could be measured with the addition

of a n_on(>chromator and collecting optics.

The Boeil_g thermal radiation test. facility is

considered to meet basic requirements for a

standard method, since it has proven itself

superior for the determination, on any solid

material, of high temperature radiation prop-
erties which are analytically exact according

to the presently available general theoretical

relationships.
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DISCUSSION

EUBANKS, NASA Goddard Space Flight Center:

Please draw on the black board the temperature tran-

sient curve for one cycle, and make some comments

about how this curve might change for a material such

as alumina.

CLAYTON: I have drawn both a top and side view

of the specimen and specimen-sighting tube, showing

the relative locations and areas of each, including the

radiometer target area on the specimen. Now the

worst case for the specimen temperature transient is

the case in which the water-cooled specimen-sighting

tube is closest to the center of the specimen because

the highest proportion of time is spent in the cooling

portion of a cycle of one specimen revolution. For

this case, temperature transients measured on the

surface of both high- and low-emittance metal speci-

mens with spotwelded, finewire thermocouples give

identical results. The total amplitude of the transient

is !.4% of the temperature, which is considered a

negligible percentage. The transient in the radiometer

target area is much narrower than _% because the

target area is only a portion of the cooled area under

the specimen sighting tube. The average sample

temperature is depressed 4% below the temperature

of the furnace as measured at the blackbody reference.

These results are independent of both era;trance and

temperature level.

EUBANKS: Did the minimum in the curve occur

after the thermocouple was outside the viewing port?

CLAYTON: No, it occurred just before because the

thermocouple is starting to see energy from the furnace

when it gets close to the edge.

EURANKS: Would the maximum and minimum

points in the curve go up or down in the case of alumina

rather than a metal?

CLAYTON: They would not shift very much. If we

look at this thing in the side view, what we have is the

same as in any overall radiant-heat-exchange situation.

Whether the radiant fluxes are acting throughout a

volume or mostly at a surface is probably not very

important to what the effective temperature is on a

sample in a furnace. The 4 (r/o gradient from the sample

to the blackbody reference where I am measuring my

temperature is, I feel, the maximum possible gradient

I could have through this sample. I think it is a fair

bound. It certainly is conservative.

MOORE, NBS: What about the calibration of your

thermocouples? In a carbon furnace of this type,

with platinum-platinum rhodium thermocouples, one

would expect some rather large changes in thermocouple

calibration with time at the temperature that you were

using in your measurements.

CLAYTON: The calibration holds throughout a normal

4-hour run, but not for more than that, unless the

temperature never gets over about 2000 ° F. These

thermocouples are good to only about 2000 ° F in this

atmosphere. Part of this due to contamination of the

insulator. We found that we could not use them all

the way up to their supposed limit.

Cox, Chance Vought Astronautics: I am sure you

had a good reason for it, but I would like to know why

you did not design your viewing port so that you could

adjust it closer to the specimen and avoid having to

make a correction for the reflected energy.
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CLAYTON: I could not visualize starting with a few

mils clearance 'tt room temperature and nmintaining

it at 3000 ° F. That is the nlaitl reason; it. is just 't

praetic'il problem. This prototype is overly large and

crude in some respects. "Flit' ,_ight tube represents

more area than is al)solutely n(,eessary, which causes

a higher cooling load. llowevcr, it does work quile

well, -rod it does indieale that the technique could be

utilized to any temperature for which you can build "t

furnace, providing you can build a furnace that is com-

patible with the sl)ecimen. This is the major con-

sideration.

Cox: I would like to ask one more question. ]lave

you had lhe opp_rtunity to compare your measured

temperatur,, lr:,n_ients across the viewing port with

analysis ?

CLAYTOr_: No. I am not worried about it because

I do not lhink _here is much I can do about it except

to design for a_ l,w a cooling load as possible within

optical and -p, cimen size limitations. I am mostly

eoneerm,d Ihal _he average stays about the same for

any maleriM. I believe I set enough bounds on the

transient that it is not a big factor. That has been

my approach,.
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Devices which concentrate and reflect heat

from the sun or from other sources, such as an

arc, appear to offer great potential as a means
of investigating certain properties of high-

melting-point solids. Among these properties

is tile emittance of a material, defined as the

ratio of the radiation emitted by _ sample to

that emitted by a blackbody at. the same

temperature. Emittance varies from zero to

one (0-1). The hemispherical spectral emit-

tance of a material, the emittance at a particular

wavelength averaged over a hemisptlere, is the

subject of tiffs paper. For some materials, such

as diffuse reflectors, the normal spectral emit-
tahoe is approximated by the hemispherical

spectral emittance. The normal spectral emit-

t.ance of a sample is significant because, once it
is known, tile experimenter, using laboratory

optical pyrometers, can determine the true

temperature of tile sample under other circum-
stances (ref. 1 and 2). In this paper, hemi-

spherical spectral emittance will be considered

throughout, but tile word henfispherical will be
omitted.

In 1954, Corm and Braught (ref. 3) suggested

a technique for measuring the temperature of

samples in a solar furnace. In their technique,

which was later adapted (ref. 2 and 4) by

Arthur D. Little, Incorporated, for a materials

study, the light source is briefly interrupted

while the radiation from the sample alone is

being measured. At other times, while the full

radiation is falling on the. sample, the sum of
the sample radiation and reflected radiation is

recorded. From these two measurements, one

can deduce both the value of the spectral

emittance of the sample at one wavehmgth and

its true temperature.

The purpose of this paper is to describe a

method by which the spectral emittance of a

sample may be determined conveniently over

a wide temperature range by use of an are-
imaging furnace (ref. 5 and 6).

The author wishes to express his thanks to his

colleagues of Arthur D. Little, Incorporated:
to Armand Camus for his invaluable help in

carrying out this work and to Peter Glaser and

Jack Jasperse for their helpful suggestions.

PRINCIPLE

In the method described in this paper, the

arc radiation is used for two purposes: (l) to

heat the sample and (2) to provide a means for

measuring the hemispherical spectral reflectance
of the surface of the sample. By measuring

tile radiation at a chosen wavelength incident

on the sample and measuring tile same radia-
tion reflected from the sample, we may deter-

mine their ratio, and thus obtain the reflectance

of the sample. From the value of reflectance

so determined, we may now deduce the spectral
enfittance.

To determine emittance from reflectance, we

use Kirchhoff's |aw that the spectral absorp-

tance of a body at a given wavelength and

temperature is always equal to its spectral
emittance at the same wavelength and temper-

ature (ref. 7). According to tile law of conser-

vation of energy, (in this case the conservation

of power) the sum of the spectral reflectance and

spectral absorption of an opaque body must

always equal one, and thus, by Kirchhoff's law,
the sum of the spectral reflectance and spectral

emittance of an opaque body must also equal

one. In practice, by measuring what percent-

age of the incident arc light falling on the sample

451



462 Measurement of Thermal Radiation Properties of Solids

is reflected, we may determine the spectral

emittance of the sample at a given wavelength.

Formally stated :
e_=l--hemispherical spectral reflectance=

rx (rx+ex)--e_
1--==1 (1)

_x ix

where

rx the reflected light from the sample

e_ the emitted light from the sample

ix the incident light on the sample
ex the hemispherical spectral emittance of

the sample

The quantities needed to solve equation (1)

may be measured if a means is provided for

separating reflected and emitted light from the
hot sample. In the present apparatus, a fast

shutter briefly and periodically interrupts the

incident arc light so that tile radiation emitted

by the sample can be measured. This emitted

light measurement, sut)tracted from the meas-
urement of all radiation leaving the sample face,

gives the reflected radiation measurement alone.

Thus, the stateInent of equation (1) at the right-

hand side of the page is in the form in which the

experimental readings are ot)tained.

In practice, the experilnental equipment may
be arranged to measure the quantities of equa-

tion (1), or, what is simpler, their ratios. The

equipment is described later. By measuring

ratios, one eliminates the necessity of determin-

ing constants of the apparatus, such as losses

in the optics and sensitivities of the measuring
and recording equipment. Thus, one can

measure the incident and reflected light ratio

by measuring the ratio of these signals, which

are indicated as amplitude readings in arbitrary

units on a perlnanent racord, such as the output

oscillogram from a galvanometer recorder.

The measuring apparatus has two sets of

optics, one for measuring the arc or incident

radiation, and one for measuring the sample

emitted and reflected radiation. Though the

optics are constructed silnilarly, they may be
assumed to have different losses.

Therefore, we may write

r_--k,R_, ex---k_Ex, and ix=k_kaAx

Where

Rx the oscillogram amplitude of the reflected

li_zh(
E_ the oscillogram amplitude of the emitted

light

Ax the oscillogram amplitude of the arc light.

k, the pyrometer sensitivity through the

sample viewing optics

k2 the pyrometer sensitivity through the arc
viewing optics

_'a that fraction of light from the arc image

which reaches the sample as incident

light

Now equation (i) may be written as

+x= 1 --k, (R_+E_)--Ex_ 1 --K (Rx+Ex) --Ex
k.,kaAx Ax

(2)

where K i_ a combined constant of the arc

furnace and pyrometer apparatus.

Thus, the spectral emittance of a sample may

be delermined from equation (2) from relative
amplitudes I?_, L\, and Aa all read from the

same uscillogram. The combined constant K

of the apparatus is determined by a calibration

procedure described later.

It, is desirable to know not just. the emittanee

of the sample, but the emittance as a function

of temperature (ref. 8). Therefore, we must

determine the temperature. If a standard lamp

is added to the present apparatus, the tempera-

ture ()f the _ample can be determined from the

same oseillogram readings used to determine

emittance. A comparison is made between the

radiation fr(,m a standard lamp and the radia-

tion fr(,m the unknown sample. Wien's law

may be written for the sample and for the

standard lamp. By taking the ratio of the
two expvossions, we may specify the constants

or eliminate them, obtaining the expression

T-- T_ (3)
E_

where

X thc wavelength under consideration

c_
T

EX

the second constant of Planck's equation

the true absolute temperature of the

sample
the spectral emittance of the sample
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Ex the sample oscillogram amplitude in ar-

bitrary units

EL the standard-lamp oseillogram amplitude

in the same arbitrary units

TL the equivalent blackbody, lamp-filament

temperature observed with a labora-

tory spectral radiation pyrometer

In practice, therefore, the oscillogram traces,

Ex and EL, of sample and standard lamp
radiation, together with the emittance, ex,

previously determined from equation (2), can

be combined in equation (3) to give the absolute

temperature, T, of the sample.

EXPERIMENTAL APPARATUS

The equipment consists of two major com-

ponents: an imaging system and an arc source

for heating the sample; and an optical measuring

and recording system for making measurements

on the sample.

The sample is heated in an ADL-Strong
arc-imaging furnace. In this furnace, an arc is

imaged by two identical elliptical optical col-

lecting mirrors onto a sample seven feet away

(ref. 9). The image is the same size as the

arc, and, if all radiation were collected and

transmitted, the temperature at the sample

would be the same as that in the arc (about
7500 ° C). However, because optical losses are

substantial, the sample temperature is usually

limited to approximately 3700 ° C.

The basic configuration of the imaging fur-

nace is shown in figure 46-1. Radiation from
the arc is collected by a 21-inch ellipsoidal

reflecting dish and cast onto a similar ellipsoid

that refocuses radiant energy onto a 1-cm-
diameter spot on the face of the sample.
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Approximately 11,000 electrical watts of power

are supplied to the arc, but the thermal power

arriving at the sample is about 650 watts at
maximum. About 60% of the radiation from

the arc is in the visible spectrum, with its peak

in the visible blue region.

The measuring apparatus takes advantage of
the fact that in the arc imaging furnace used,

two enlarged images are formed at an inter-

mediate image plane of the optical system.

One image is of the sample, seen by looking to

the right, and the other image is of the arc,

seen by looking to the left. A scanning detector

mounted at this conunon plane is arranged to

scan both the sample and arc images by viewing
alternately in one direction and then in the
other. 1

The scanning detector consists of two plati-

num hypodermic needles, each encasing a

quartz light pipe and mounted on a rotating

drum (fig. 46-2.) It may be set either to scan

across the sample or to give a continuous
history of sample radiation. Each pipe sheath

contains a single aperture, and the two face

in opposite directions. As the drum rotates,

one aperture is exposed to radiation from the

arc source, while the other is exposed to radia-

tion emitted and reflected by the sample. A

chopper synchronized with the rotating drum

periodically blanks out the arc radiation ira-

_C. P. Butler, Naval Radiological Defense Labora-

tory, San Francisco, has pointed out that the so-called

"cross-over point" in the center of a two-ellipsoid arc

furnace is in fact a bundle of rays that do not converge

entirely, resembling more a sheaf of wheat in their

geometry.

/I \ I ./ SAMPLE"_ , /

\iz-
.o...,.oo.o..

]7"i_ultE 46-1,--Schematic of are furnaee and pyrometer.
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pinging on the sltinple for brief intervals so that

only radiation from the sample is measured.

There arc two modes of operation of the

detector, slow and fast. In the slow mode,

the sample aperture scans across the sample in

one-half second alid repeats the scan every
three seconds. The arc is scanned similarly

every g see during anolher part of the cycle.

The output., while operating in the slow mode,

is a profile of the radiation emitted by points

across the samph,. The result is an output.

oscillogram, as shown in figure 46-3.

As the light pipe passes through the sample

image, radiation is conducted along the quartz

rod and through it filter to a photomultiplier

tube. The level of radiation passed by the
filter at a singh, wavelength produces a sigmd

related to the temperature and emittance of

the sample. The sigmfl is amplified and trans-

mitted to a high-speed recorder, where a

standardizing signal produced by an auxiliary
light source is also recorded. From these

recorded values, the sample emittance and
temperature can be calculated.

From the oscillogram (e.g., fig. 46-3) an
emittanee and temperature profile across tile

sample can be caleuhtted from one cold edge

of the sample, through the molt.on spot at the

center, and to the other cold edge. These

calculations tire carried out using equations (2)

and (3), as indicated previously.

F]c,t:Rr: 46 3. Trace taken of molten puddle i]i an
alumitla I,rivk, showin_ calculated temperature
profile Ittid .mittance.

The time interval during which the chopper

interrupts th(, heating radiation reaching t tw

samph* is made brief (5 msec) and widely
spaced (every 30 msec) in order to avoid too

much cooling of the sample during the inter-

ruptod interval. Unless care is taken, the

samph, witl cool so rapidly that a false determi-

nation of temperature results. For examph,,
the center of the molten alumina brick illustrat-

ed in figure 46-3 cooled 20 ° during the 5-mscc

iriterval that the light was obscured from the

brick. This cooling effect can be seen on the

record ,.,f _ample radiation shown in the lower
half of th,, figure. The bottom of each recorded

dip represents light emitted from the sample
alone; the slanted line at the bottom of each

dip ittdie,tt,,s cooling of the sample during a

reading The obvious solution to the problctn

of cooling was to make the interruption as brief

as l)Ossiblo and to take the readings rat)idly.

The fast mode of storming is used for taking

a time history of the sample as it heats up.

In this nlode, the same apertures used for slow

scalinilig s(_aii the slmlple image and the arc

il)lage OllC_:_ every 16 insec. Instead of a

radiation profile of the sample, the output

oseillo_rum indicates the radiation intensity



Radiation Technique for Determlnfng the Emittance of Refractory Oxides 465

from that portion of the sample emitting the

most radiation, usually the center of the

sample. A typical fast scan oscillogram of

zirconia is shown in figure 46-4.

RESULTS

While we were developing a working unit,

we gathered data on several high-melting-

point materials. Because this information was

incidental to our program, the data are incom-

plete. However, to indicate what information

might be obtained, we have shown in figure 3

a sample slow-scan mode profile of an alumina
brick that has been heated at its center to above

the melting point. The emittance of the

molten alumina at a temperature of 2950 ° K

is found to be 0.75 at a wavelength of 0.7_.
In a second determination taken in the fast

mode to obtain a time history of the sample,

a zirconia brick was heated from room tempera-

ture to above its melting point. The record

obtained is shown in figure 46-4. The total

time of heating, from the time the arc light was

first applied to tile sample to the time it was

removed and allowed to cool, was 6 sec.

Figure 46-5, which is an ink tracing of the

original oscillogram of figure 46-4, shows the

variation with time of: the arc radiation, the

emitted plus reflected radiation, and the emitted
radiation alone. From the three traces of

figure 46-5, the emittance and the temperature

t!t;!,i:;hl!_l,

FI_u_E 46-4.--Typical fast scan oscillogram of zirconia.

s Soc. -I

Fic, urtE 46-5.--Typical record of zirconia sample

(fast mode)--ink tracing of original oscillogram

of figure 46-4.

can be calculated by using equations (2) and (3).

At room temperature, the spectral emittance

of the zirconia sample (at a wavelength of 0.7u)

was found to be 0.34. As the heating pro-

gressed, the emittance rose, reaching a value of

0.82 in 2.75 sec. Its temperature at that

point was 2440 ° K. In 6 sec, the sample

temperature had reached 3200 ° K, and the

sample had an emittance of 0.73. When the

sample reached 3200 ° K, we cut off the arc

radiation and allowed the sample to cool; its

cooling curve is quite apparent in figure 46-5.

DETAILS OF CONSTRUCTION AND TECHNIQUE

The pyrometer frame, which consists of a

square plate about 1_ feet on edge, is inserted

vertically at the crossover point of the arc
furnace. A hole 2y_ inches in diameter at the

plate's center allows for transmission of the

arc light to the re-imaging mirror; the edges of
the hole are water-cooled. Attached to this

plate are two bearings and two positive-grip

belts connected to a gear box driven by a

synchronous motor. The two belts drive two

wheels: one is the light chopper, and the other

is a small rotating hub holding the two small

optical light pipes that scan the arc and sample

images. This hub rotates below the hole in the

plate in such a way that the ends of the light

pipes (apertures) pass briefly and periodically

through the arc and sample images. (Figure

46-6 shows a light pipe at the cross-over point.)

The light pipe consists of platinum hypodermic
needles (0.030-inch OD) with monofilament

quartz light pipes inside. The light from each

aperture is conducted to the center of the hub

and then out through its _xis via the quartz

monofilament through a red glass filter to a

photomultiplier tube.

The pyrometer system presently consists of:

the pyrometer frame, a 1P22 photomultiplier

with a 900-volt regulated power supply, a

50-k helipot on the output of the photomulti-
plier (with which the gain of the system is

adjusted), a solid-state current amplifier that

amplifies the output signal and transmits it to a

galvanome_r, and, finally, a galvanometer

oscillograph (the Heiland Visicorder) capable
of recording oscillations at frequencies to 3000

cps. Incidental equipment includes two Var-

iacs (one for driving the reference lamp and

one for driving the standard lamp), a precision
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F]ourtE 46-6.--- Light pip(, and photocell housing.

laboratory optical pyrometer, a standard lamp,

and a water-cooled copper t)lock.

A reference lamp (r_ot the same as tile

standard lamp) is included in tim apparatus

for the purpose of normalizing all radiation

readings so that they may be independent of

drifts in the electronic and recording equipment.

The reference lamp in tile main body of the

pyrometer is sampled by the sample light pipe
once each cycle. It is not essential that the

reference lamp provide a known amount of

radiation; its fu nction is to provide reproducible,

though arbitrary, amounts of radiation. A

reference "blip" appears on the oscillograms _tt

all times; the height of this blip is the value

against which all readings except ratios are

normalized. The reference lamp is a Sylwmia

TruFlector type operated below its rated voltage
to itnporve stability. The voltage supply

feeding the lamp is 00 cycles, adjustable by a

Variac, and regu]ate(t to better than 1%.

Powerline ripple in the output of this lamp does

not appear to be a noticeable problem.

The duty cycle for both the slow and the fast
scans has been chosen with some care. If the

light pipe is made too long, the scan will be

linear across the sample--which is advanta-

geous-but the total duty cycle of scan time
versus entire-cycle duration will be so small
that. the chart will be difficult to read. If the

light, pipe is too short, the chart becomes much

easier to read, but the scan becomes semicir-

cular rather than linear and, thus, is difficult to

interpret.. The best compromise is to make the

lengti_ of the light pipe roughly equal to the
diameter of lhe tield stop ilole.

Two constants of the apparatus, K and _,

must be determined. K relates to the optical

losses an(t cleclronic sensitivities of the appara-

tus, and X is the effective wavelength at which
the emitlance is measured.

We may ewduate the K in equation (2) by
replacing the sample with a material of known

emittancc and taking measurements with the

arc lii_ht ()n. Under these conditions, a known

fraction of the arc light falling on the sample

will be reflected back through the re-imaging

mirror t(, the sample light pipe. Thus, Rx, Ex,

and .ix may t)e determined, and equation (2)

may 1)e solved for K. Once this value of K has
been (leleri_ined, it may be used in the deter-
ruination of unknown emittances.

In (he determination of K it is convenient to

use a cooled sample of known emittance as the
"white block", because a cool sample emits no

radiation (P:×=0), and because its surface state

i_ stable. For example, in these experiments a

water-cooled copper block coated with magne-
sia-ribbon smoke was used as an emittance

standard; its surface is believed to have a re-
flectance hetween 0.95 and 0.97. It is coated

with magnesia by burning a magnesium ribbon

near and underneath the copper surface. The

rcsultinv dCl),)sit is clean, uniform, and white.

The surface may be wiped off the copper and

redeposited for each new determination.

The effective wavelength of the operation of

the l)yVometer is determined by the cutoff prop-

ertics ,f a red glass filter and the wavelength

response ,f the photomultiplier.

The exact value of X may be determined by

operating the arc-furnace pyrometer with the

standard lamt) set successively at two different

temperatures, T, and :/½. Under these condi-

tions,

TI- T_
(_ (4)

)t ..... z E,
T_T_In E_

In t,he present apparatus X is found to be 0.7 _.

], running a temperature determination on

an unknown sample, we have found it con-

vient to follow this procedure: First, we align

and focus the furnace. For this, we use a



Radiation Technique for Determining the Emittance of Refractory

flashlight bulb in place of the arc and the stand-

ard lamp in place of the sample. The sample,

the standard lamp, and the water-cooled white

block can be mounted so that the front surface

of each successively occupies the same point

in space. We then position the water-cooled

white block, and with the arc on, determine a

K value by using amplitudes taken from the

oscillogram substituted in equation (2). For

this determination, an assumed value (such as

0 or 0.03) for the emittance of the magnesia-

smoke surface is used. With the arc off, we

oper_te the standard lamp in place of the

sample, at a known blackbody temperature,

and take an oscillogram. We then mount and

heat the sample.

From the sample record, the standard lamp

record, and the K value determined above, the

emittance is determined from equation (2),

and the temperature is determined from equa-

tion (3).

Oxide, 467

ACCURACY

The absolute temperature accuracy of the

device has not been established, because of the

lack of high-temperature reference points.

The accuracy, when a standard lamp is used

in place of the sample, is ± 15 ° C, and the

reproducibility for reflectance determination

of zirconia and alumina samples is ±4%.

CONCLUSIONS

A convenient and useful method has been

developed for measuring the spectral emittance

in the visible red (0.7 u) of refractory oxides.

The method, based on the Kirchhoff law and

using the reflectance technique, appears to be

applicable to sample materials in the solid or

molten state at temperatures of 2000 ° C and

up. The equipment measures and records

spectral emittance as a function of time as the

sample is heated.

The accuracy of the method is at present

not known, but the reproducibility between
emittance determinations on similar aluminum

samples is estimated to be ±4%.
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DISCUSSION

CLAYTON, Boeing Company: You mentioned that COMSTOCK: There are two factors. One relates to the

you had an instrument calibration factor which ac- wavelength response of the instrument and the other

counted for the difference in optical paths and so forth, relates to the losses in the optical system. The con-

I was curious what this was and whether you found stant relating to the losses should be determined every

it was stable, day, at the beginning of the day's run. The wave-
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length response constant need be determined only

every two weeks or so. The need for these constants
is second order since the instrument takes ratio meas-

urements.

LOZIE_, National Carbon Company: I have one

question on molten samples. ]low can you be sure

that all the non-reflected light is absorbed? This is

necessary in order to equate the emittance to one minus

the reflectance.

COMSTOCK: I was hoping that this question either

wouldn't come up or that we would have half an hour

to discuss it. One of the advantages for the wide

angle optics (170 ° optics), is that the illumination of

the sample and the viewing of the sample are almost

hemispherieah Thus all radiation to or from the sample

is either absorbed or reflected and collected. There is

not much else it can do _xeept be transmitted by the

sample. This method obviously will not work for

translucent samples. The optical depth of the sample

we're using is of the order of a 16th of an inch or less

and is considered opaque. I'm not sure I have an-

swered the question. The Kirchhoff law is a reasonable

assumption to make for these samples.

S_LAaF_% The Marquardt Corporation: With regard

to a n(m-poli_hed specimen, is the normal spectral

reflectan(,, of t he surface necessarily equal to one minus

t.he norm.tl spectral absorption? If so, can this be

shown i he,)ret ically?

COMSTO(:K: We are dealing with 170 ¢ hemispherical

illuminati[m, reflectance, absorptance and emittancc.

I believe _hat under these conditions the emittanee

eqtmls <me tttirl_ls the reflectance whether the sample is

a diffuse _)r specular reflector providing that it. does

not transmit.

RICHMOND, National Bureau of Standards: I think

I can answer that last question, at least t.o some extent.

The n_flectai_(:e that is the counterpart, of the normal

emitt'mce, regardless of the surface contour of the speci-

men, is _oing to be the reflectance that is measured

ureter c,,nditions of normal illumination and hemi-

spherical viewing or the optical equivalent of that,

which is completely diffuse illumination and normal

viewing. In order for these relationships to be valid

you have to have consistent geometry of the radiant

energy being measured. These are the conditions

that apply to the comparability of normal emittanee

and reflectattce.



47--A TECHNIQUE FOR MEASURING THER-
MAL RADIATION PROPERTIES OF TRANS-

LUCENT MATERIALS AT HIGH TEMPERATURE

BY R. L. COX

VOUGHT ASTRONAUTICS DIVISION, CHANCE-VOUGHT CORPORATION, DALLAS, TEXAS

A method is described for measuring total emittance of translucent materials in such a

manner that any effect of subsurface temperature gradients can be observed. The axial

temperature distribution of a disk-shaped specimen is controlled by relative positioning of a
plasma torch heating the front face and a propane torch heating the rear face. Total radia-

tion leaving the front face is measured with a thermopile detector, and corrections are applied

to account for the reflection of plasma emission. Temperatures are measured internally on

the specimen axis by utilizing small blackbody cavities drilled radially to the centerline.

The entire specimcn temperature distribution is then determined by use of standard heat

transfer means employing a measured external temperature profile and independently
measured thermal conductivity values as the required boundary conditions.

Results with this technique to 4600 ° F are presented for zirconium oxide and indicate

a measurable effect of subsurface temperature gradients on emittance. Methods of improv-

ing accuracy are discussed briefly, and an extension of the present technique to allow thermal

conductivity measurements is suggested.

With the advent of re-entry aerospace craft,

a challenge has been posed to engineers in the

design of imat shields and nose cones. Material

systems capable of withstanding extreme heat

flux and temperature environments are being

developed. Radiative cooling constitutes an

important portion of the overall heat balance

on these systems. For this reason an accurate

knowledge of the emittance of materials under

consideration is imperative.

Refractory oxides constitute a promising class

of candidate materials for radiatively cooled

components. Many refractory oxides are trans-

lucent in wavelength bands important to

radiant heat transfer at high temperatures.

This is demonstrated at low temperature by a

high reflectance and low emittance at the wave-

lengths where transmission is high for single

crystals or fused nonporous bodies. A moder-

ate thickness is required for opacity; for

instance, about 0.16 inch for visible light for a

typical polycrystalline stabilized zirconia formu-

lation. As temperature is increased, the two

basic factors affecting translucency, the scatter-

ing coefficient and the absorption coefficient,

are changed. The absorption bands of materi-

als broaden, tending to reduce transmission,

while, in regions remote from the absorption

bands, the index of refraction (which affects the

scattering coefficient) is predicted to decrease,

increasing transmission. These opposing effects

can cause an overall increase or decrease in

translucency. Tests on zirconia during the

present study indicated a mild decrease in its

translucency when taken from room tempera-

ture to melting. Observations of total emission

from various thickness disks at melting indi-

cated that about 0.05 inch is required for opacity

at this temperature.

Since materials that are translucent neces-

sarily emit from the same depth that is required

for opacity, their emittance based on surface

temperature is dependent on subsurface struc-

ture and temperature distribution. Either

emittance must be measured under the same

conditions that occur in the application, or

determinations must be made in such a way as

to allow a theoretical or empirical correlation

between test and design conditions. As it is

often impractical to duplicate conditions occur-

459
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ring in the application, means of implementing

the latter approach must then be devised.
Emittance measurements on translucent ma-

terials at high teml)erature involve several dif-

ficulties. Heating must be accomplished in

such a way as to control temperature gradients,
avoid unwanted chemical reactions, and assure
no transmission of radiation from the heater

itself. A means of varying suitable parameters
to isolate the effect, of subsurface emission must

be provided. Temperature must be measured

in a way not adversely affected by subsurface

emission or otherwise subject to large errors.

The objective of the present investigation was

to accomplish these goals with a reasonable

degree of accuracy while using simple and

readily available instrumentation. An experi-
mental technique has been developed, and a

mildly translucent formulation of zirconia has
been studied. Present results can be correlated

with the design conditions by empirical means.

Refinements should allow the scattering and

absorption coefficients to be inferred. The

radiative transfer equations can then he used

to specify emittance ureter any set of boundary
conditions.

DESCRIPTION OF EXPERIMENTAL

APPARATUS

The basic system of measurement employed
is the remote energy comparison technique,

which has been used by nulllerous investigators

in the past. In this technique, the specimen is

heated in such a way that its emission alone

can be observed, with radiated energy detected

by some remote sensing device. Specimen

teinperature is measure(t, and emittance is de-
termined by comparing the detected radiant

energy to that radiated from a blackbody at the

same temperature. In the present application,

temperature is measured in a new way so that
both the value at. the surface and the internal

distribution can be defined, while heating is ac-

complished in such a manner as to allow con-

trol of the internal temperature distribution.
These modifications allow translucent materials

to be studied. Temperature and temperature

distribution are derived by heat transfer

analysis from measured internal temperatures

and a survey of tile external temperature
profile. Total radiation is detected with a

calibrated thermopile, and corrections are ap-

plied to account for energy originating in the

heat source which is reflected froln the specimen.

Experimental Arrangement

Figure 47 I illustrates the basic elements of

the experimeutalsystem. The disk-shaped spe-

cimen, about 1_6 inches in diameter and _4/ inch

thick, wus tapered to allow secure mounting in
machined zirconia })ricks. A plasma torch was

used to heal the specimen front face, while the

rear face w_s ]mated with a propane torch.

Total radfi_tion leaving the center of the front

face w_Ls detected at an angle of about. 44 ° to

the normal with a thermopile. An optical

pyrometer is shown in position to nleasure tem-

perature at the bottom of one of three cylin-
drical blackbody cavities drilled radially into

the specimen to its axis. These cavities were

viewed through a port cut in the supporting

bricks. The pyrometer was mounted on tt

mowlblc atl(t adjustable stand and used to
measure the brightness temperature profile of

the specimen front face, rear face, and outside

diameter (through the port). Figure 47-2 is a

photograp}l of the apparatus inserted into an
exhaust hoocl.

Heating System

The specimen temperature and temperature

distributioJ_ were controlled by relative posi-
tioning of the plasma and propane torches.

Temperature along the specimen axis could be

varied froz,t a gradient of about 3000 ° F to a
condition of equal front and rear face tempera-
tures. Zirconia could be melted with either

torch. A 40-kw plasma torch, operating on

TOTAL RAD*ATION

FIGURE 47-1.--Schematic arrangement for measur-

ing total emittance.
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FIGt)'RE 47-2.--Total emittance lest apparat.u._: (1) optical pyrometer, (2) propane torch positioning screw,

(3) propane torch tube, (4) zirconiaspecimen, (5) Rayotube mounted in water-cooled sight tube, (6) plasma

torch positionizig arm, and (7) plasma torch.

either nitrogen or a mixture of nitrogen and
oxygen, was used. The estimated plasma tem-

perature is 7500 ° F. A specimen environment

closely approximating air resulted as the plasma
gases ntixed with the room atmosphere. The

plasma torch provided a moderately steady

source, with a flux deterioration on the order of

5-10% per hour. A symmetrical temperature

distribution across the specimen front face was

produced, as shown by the brightness tempera-
ture plots of figure 47-3. The plasma torch

was positioned relative to the specimen by an
electrically driven lead screw. With a zirconia

specimen, a temperature of about 1800 ° F was
attained at a distance of 7 inches from the speci-

men to the plasma nozzle fae.e, while a distance

of 2 inches was required to reach 4300 ° F. The
nozzle front face was blackened to avoid the

possibility of multiple reflections.

A single propane torch heating head pro-
vided a steady convective source to produce

relatively uniform rear face temperatures, as

shown in figure 47-3. Three propane cylinders

and eight oxygen cylinders were manifolded to
provide the required gas generation rate and
allow a 2-hour run. The torch distance from

the specimen was manually positioned by crank-

ing a lead screw.

Temperature Measurement

Temperature determination was based on the

measurement of internal temperatures and sufiS-

cient boundary conditions to allow the tem-

perature distribution and surface temperature

to be c_Llculated. By careful selection of the
location of internal measurement points, the

effect, of any uncertainty in the calculated tem-

perature distribution couht be minimized. In

692-146(N--63--31
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the present tests, three temperatures along the

specimen axis at varyin_ depths below the sur-

face were measured, as indicated by figure 47 1.
A steady-state finite-difference heat transfer

analysis, using the method described by Schnei-
der (ref. 1), was conducted to calculate the

temperature distribution, and the resulting si-

multaneous equations were solved by using l_n

IBM 7090 digital computer. Since the speci-
men and its externa.l temperature profile were

axially symnietrie, heat flow occurred only in
the axial and radial directions, and the analysis

could be reduced to two-diniensional by using

polar coordinates, hi present results, a grid

system composed of seven slices at various axial
depths and five slices at various radii was used.

Unequal slice thicknesses were chosen to place
the smaller slices in regions of maximum tem-

perature gradient. Inputs required for the

analysis were the specimen external tempera-

ture profile, specimen geometry, and the varia-

tion of thermal conductivity with temperature.

No knowledge of heat flow rates across the

bouiidaries was required. Figure 47-4 shows

a typical plot of calculated specimen isotherms.

By cross-l)lotting isotherms, temperature versus
depth along the axis was obtained, and these

cross-plois were applied to measured internal

points to specify surface temperature as shown

in figure 47 5.

The specimen external temperature profile

was obtaitied from optical p3Tometer surveys

like tilose t)resented in figure 47-3, phis wflues

on the outside diameter measured through the

viewing port. External optical temperatures

were corrected for plasma reflections and for

spectral emittance values from preliminary

data amdysis. (Temperature was estimated in

prelimimiry analysis by extrapolating interred
measured wdues to the surface. The resulting

emittan(:e values were found in the final analysis

to be xery little in error.) Since the shape of

the i_lermd axial temperature profile is a miM

function, of temperature level, errors in pre-

liminary analysis had little effect on final re-

I I I
//

k",,i, i I _ /i
k\!"/. !/ /!
L\ /i

.

Fiova_ -17-4.--Isotherms in zirconia specimen.
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sults. Thermal conductivity, required only to

account for the w_riation of this property with

temperature, was obtained from indepen(lent
tests on the same material.

The temperature measurement blackbody

cavities presently used have been 0.086 inch in

diameter and approximately 0.8 inch deep.
This length-to-diameter ratio is in excess of

that required to provide an apparent emittance

of essential unity for an isothermal hole, but

in practice a temperature gradient down the
hole existed. A correction for the noniso-

thermal walls in the cavities was conservatively

calculated using an approximate incremental

analysis, and found to be on the order of 5° F

under the worst conditions (maximum tem-

perature). Temperature was measured using

a Leeds & Northrup model 8622 optical

pyrometer, whose calibration was verified with

a National Bureau of Standards lamp.

The temperature measurement system re-

stricts the experimental technique to moder-

ately translucent materials. One obvious re-

quirement is that tire presence of tire blackbody
cavities does not affect emission from the front
face. A second consideration is that the

blackness of the cavities must not be destroyed

by tlre unavailability of a sufficient emitting
volume below the hole base or around its walls.

Similarly, large temperature gradients cannot

he tolerated within the emitting volume which

affects the cavities. Corrections can be ap-

plied to cavity emission, however, if the optical

constants (absorption and scattering coeffi-
cients) are determined. A tedious iterative

data reduction procedure would be required.

Translucency imposes another restriction to

the temperature measurement system by the

radiative redistribution of gradients. This

effect is basically due to an alteration of the
ratio of radiation to overall (radiation plus

lattice) thermal conductivity near the surface.

A temperature gradient different from that
calculated using tire present "opaque" heat

transfer analysis results. Tire effect can be

defined mathematically, and has been discussed

at some length by Klein (ref. 2). If the optical

constants of the material are measured, the

magnitude of the redistribution can be deter-
mined. An iterative analysis is again implied
to include this effect in data reduction. In

present results redistribution was calculated
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to raise surface temperature approximately
30 ° F at the worst con(|ition (maximunl tem-

perature). A scattering coefficient from room

temperature data and an absorption coefficient

inferred from the measured thickness required

for opacity at melting were employed in this
calculation.

Detection System

A special Leeds & Northrnp model 8891-C-S

Rayotube pyrometer was used to detect total

radiation. The sensing element is a single-

junction chromel,constant_m thermopile, black-

ened for high and uniform spectral absorptance,

and thermally shunted to allow for ambient

temperature compensation up to 350 ° F.

Energy is focused on the thei'mopile through a

systenl of two fron_-surfaced spherical mirrors
and a diaphragm after passing tbroug]_ a cal-
cium-fluoride window. This instrument was

focused for a window-to-target distance of 12

inches, and the diaphragm was designed to
allow a _-inch-diameler area to be viewed.
The entire unit is scaled to achieve a stable

calibration, and, as reported by tile manufac-
turer, a long-term stability with a degradation

in radiation temperature on the order of 2° F

in 10 years carl be expected. The thermopile

response time is 0.6 sec. Output was recorded
on a Leeds & Northrup Specdornax-G single-

pen strip-chart anlplifier-recorder with a re-

sponse time of 1.0 sec. The Rayotube was

mounted in a water-cooled conical viewing

tube to avoid excessive heating. The tube was

made from brass, wrapped with copper cooling

coils, and painted flat black on tile inside to

avoid stray radiation.

A blackbody calibration curve was supplied

with tile Rayotube. The instrument was ad-

justed for an output of 4 my at 5000 ° F by

moving an attenuating arm across the window.

The blackbody calibration was accotnplisbed

at 2700 ° F by the application of a predeter-

mined variation of output with temperature.

This temperature variation of output was
established from a knowledge of the spectral

selectivity of the optical components of the

Rayotube and experimental results up to 3500 °
F obtained on a similar instrument at, Leeds &

Northrup and the National Bureau of Stand-
ards.

Reflection of Plasma Radiation

Flux emitted by the plasma torch had to be

considered sit)(.(, it was, in part., reflected from

the specimen and a(hted to that emitted by

the sperim(,n. Measurements were made to

isolate retl(.ctc(t energy, and these quantities

were subirm'ted from total observed energy in

calcu]atit_g omittance. It was found that

plasma radiation is strong at the optical

t)yrometer wavelength. Reflected energy from
the zi]'('o.i, specimen at this wavelength wtricd

from vt,ry much larger than emitted energy

below 2_11_0_ F to about 800/0 of emitted energy

at 3[)()(t _ I:, an(t 10% at the melting poinl.

Total plasma radiation reflected from the

sl)eei_c, u:as lmlch smaller compared to sped-

men (,mission. Total reflected energy varied

from :_ 5c){, of emitted energy below 2000 ° F
to 1.5 ;.;% of emitted energy above 2000 ° F.

Th(' plasma torch emits energy from two
soure('s the hot rear eh,ctrodc and ttle heated

gases. The tungsten rear electrode is located

at the t)aek of the cylindrical nozzle exit flow

passage and operates at a temperature near

melting. The plasma flame itself emits de-

tectal)h, thtx. At a head-on view (flame plus
ele(qrod, radiation) a brightness temperatur(,

of 6675 ° F was measured by using a special

high-t(,,tp,.rature filter for the optical pyrom-

clef, al.I a radiation tetnperalure of 5800 ° F
was measur,d with a water-cooled polished

copper mirror. At a side view of the flame.

t)rightm,ss telnperatures of about 3600 ° F at the

nozzle exit plane and 2730 ° F at. the tip' of the

hot. zone (about 1 inch from the exit) were
measured. Similar radiation temperatures

were about 2000 ° F at the exit plane and 400 ° F

at the bet-zone tip.

Sew,ral procedures were used in calibrating

refl,('tr(t l)lasma radiation. Irradiating inten-

sity uus determined both analytically and

experimentally. Measurements of reflected in-

tensity were made to account for non(liffuse-
ness of vn(,t'(,ry reflected from the specimen.

Figures 47 6 and 7 show the various quantities
(1et,(,rru in _'d.

Sl)ermd and total irradiance were calculated

by using plasma torch brightness and total

radiation temperatures and assuming complete

nozzle tilling. Dashed curves, appearing as
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straight lines on tile log-log plots, display these
results, lrradianee was measured by employ-

ing diffuse reflectors. Both a magnesium car-

bonate block and a water-eooh,d polished

copper plate smoked with magnesium oxide

were placed in the specimen position, and re-

flected energy was observed with the Rayotube

and optical pyrometer. Reflections from the

magnesium carbonate are not shown in figure

47-7 as this material overheated prior to the

detection of any reflected total i'adiation.

Reflected flux from the specimen was ewd-
udted by direct measurement with a movable

water-cooled shutter, and indirectly by com-

paring the difference in specimen front face

and rear face true minus brightness tempera-
tures. The movable shutter allowed a curve

of reflected energy versus torch-to-specimen
distance to be determined at distances where

specimen heating occurred. By first measuring

specimen emission plus reflection, then inserting

the shutter between the torch and specimen,
and measuring emission alone, an increment in

energy due to reflection could be observed. By

a procedure of presetting the optical pyrometer,

fair accuracy could be achieved until extremely

rapid specimen cooling was encountered. At

distances where rapid cooling occurred, the di-

rection of error placed measured values of
reflected intensity too high. Due to the slow

Rayotube response, its usefulness was liinited
in this determination. In addition to tile re-

flected energy points, limited data obtained

with tlame-sprayed zireonia on a water-cooled

copper plate is l)resented in figure 47-7. Spec-

tral reflected intensity calculated from the dif-

ference between true minus brightness tempera-
tures is shown as a dashed curve. The con-

figuration of zireonia hricks surrounding the

specimen rear face caused a slight cavity (,fleet,

producing a value for reflected plasma radia-

tion which was too low. The solid curve, used

in correcting emit.tance data, was estimated

between these measured extremes of spectral

radiation. The same relationship between re-

flected intensity and calculated plasma emission

was assigned total energy as was deternfined

for sl)e('tral energy in areas where total reflected

energy could not be n_easure(l.

The magnitude of the reflected energy com-
pared to irradiance indicated that a small

to
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specular component of reflected plasma radia-

tion existed at elevated temperature with the

zirconia specimen. A further indication that
the specular component existed was an observed

angular dependence of brightness temperature

of about 40 ° F at 3700 ° F. From a knowledge

of plasma irradiance and by assuming that

zirconia approximates a diffuse emitter, a

specular component of reflectance of 0.002 due
to the angular dependence was calculated. The

energy involved in this specular component is of

tile same order of magnitude as that of the

specular component inferred by the calibration

procedure.

Discussion of Errors

Errors can be grouped into t)asically three

classifications for the present experimental

system: temperature measurement inaccuracies,

errors in the detection of radiant energy, and
uncertainties in the calibration of reflected

plasma radiation. An overall accuracy can
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only be estimated from a consideration of error

sources since no absolute high-temperature
values of total emittance of translucent ma-

terials exist..

TEMPERATURE _IEASUREMENT

Contributing errors were those in the optical

pyrometer readings, those present in correc-
t,ioTas applied to optical values, and those due

to approximations and uncertainties in the

calculation of temperat ure distribution.

Sources of error in optical t)yrometer readings
included instrument calibration, human error,

high-frequency ttuctuations in the plasma torch,
and long-period decay of temperature. Hu-

man, fluctuation, and decay errors were mini-

mized by repeated readings during runs. It

is estimated that the overall error in optical
values read at 4000 ° F is ±30 ° F for the

cavities, and ±35 ° F for the faces.

Corrections were applied to optical readings

for nonisothermal cavities (conservatively cal-

culated using an incremental analysis), and
for plasma reflections from the front face.

Corrections were not applied to account for a

nonisoth(,rnlal emitting volume in cavities, and

for a small cavity effect on observed rear face

optical temperatures due to surrounding brick

supports. Including the errors in these correc-

tions, or lack of corrections, it is estimated that

face brightness temperatures were measured to

±65 ° F, nml absolute cavity temperature to
±40 ° F, both at 4000 ° F.

Th(, ..]eulation of true tcmperaturo from the

nwasm'(,d t(.mpcratures presented the largest

source of ,rror, and included several contribm-

ing factor_. Uncertainties in the tclnpera-

lure vari¢tlion of thermal conductivity contri-
|lutc(t an (,rror proportiomd to the tcmpcr,_-

turo gradi(,nts in the spe('inwn. The us(, of
fiuite-sizvd increnwnts ill the heat transfer

amdysis resulted in an error tlelicved to be

small. "I'ho measurement of actuul spe('ime=_
dimensions ('ontri|mted a sour('c of error. A

small (,trot exists in t)resent results duc to the

dift'(,r(,m,_ in sul)surfacc gradients tit the various

sm'face locations measured optically durin_

t)rofih, ,;m'v%'s, an(l the subsurface gradi(,nt at

the poi,_t of spectral cnfittance nwasurl, nwnt.
(This affc('(s the accuracy of the true tempera-

lure pro[ih, ol)tain(,d when correcting t)rightn,'ss

lem|lcratm'cs for emittan('e). Un(.crtainties in

the kn()wl,,d_z(, of spectr'd emittancc slightly

aff('('t('d tlw results. An error proportiomd to

cavily size and axial temperature gradien!

existed duo to an uncertainty in the exact lot:a-

lion lhat. was characteristic of the temptq'ature
m(,as(tr,,d in the cavities. Present results also

m'gh,,'t.,I t}.' radiant redistribution of t('ml)era-

tm'e n(,:tr (h(, sm'faee, incurring an error propor-
tio)ml 1o ch(, spe(,im(,n tenlpcrttture gradio/)/

aml th(' r.tio of radiation to lattic( _conductivity

As st**l('(t pl't'viously, this effect probably con-

tl'i}mto, t _11_m'1"or of less than 30 ° F. Ill pr(,s(ml

r(,sults, th(, overall ('Fror i1_ surface tcnq)eraluro
nlt'asuronlol)l _tt 4000 ° F is cslinlated to be with-

in _ 120 ° F, A ]ncltin K point of 4740 ° F nwas-

urcd on ('al('ia-stabilize(I zir(.onia during (,hc('k-

out indicat _,s a better ac('uracy when compar(,d

to rel)ortcd data on essentially the sam(, com-
position, l)uw(,z, ()dell, and Brown (ref. 3)

r(,portod a value of 4710 ° F, while Yavorsky t

rcl)orlod a value of somewhat above 4800 ° F.

t Personal communication from P. J. Yavorsky, Zir-
conium (?orp. of America, Solon, Ohio, Nov. lq61.
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DETECTION OF RADIANT ENERGY

The detector viewed a projected specimen

are, of elliptical shape with a major axis of

0.174 inch. The error due to temperature

gradients across the viewed area was calculated
to be less than ±0.5%.

The lweds & Northrup Research Division

eondu<'ted a special error analysis for the Rayo-

tube use(l and estimate a calibralion accuracy

of ±3_ at 4000 ° F. At the conclusion of pres-

ent tests, the calibration curve was verified

at Vought by using a blackbody below 2500 ° F.

Spectral seh'etivity of the <hqector optical con>

ponents produ<'es negligible error at 4000 ° F,

while at lower temperatures it must be con-

sidered. (At 1_00 ° F, approximately 5% of the

blackbody radintion falls outside the window
transmission band. )

Other inaccuracies were due to high-fre-
quency plasm't tlurtualions, recorder errors,

aml reading errors. These are estimated to not

exceed :k 1.5%, resulling in an overall detection
accuracy within _5% at 4000 ° F.

PI, ASMA REFI,ECTIONS

Uncertainties in lhe calibration of energy

emitted by the plasma and refle¢'ted from the

specimen caused errors in the correction of

optical readings, and in the measurement of

spectral and total emission.

('ontributing factors to errors in the cali-

})ration are plasma fluctuations and irrepro-

dueibility, measurement of distance to the

specimen, and human error (especially in re-

action time). Human error is by far the great-
est. The magnitude of the spectral reflection

error is estimated to be within ± 70"/oof speelral

emission, and total reflection error within ± 1%
of total emission, all at 4000 ° F.

OVERALL ACCURACY

At. 4000 ° F, the estimated error of the mean

lotal emil [am'e curve is :£ 15%, and the spectral

emittanee curve _20%, both for the condition

of equal face temperatures. At lower tem-

peratures, errors in total emittanee are reduced,
and errors in spectral emittanee are increased

(due to plasma reflections).

RESULTS

Data reported are for the Zireoniunl (!orpo-
ration of Ameriett (Zireoa) Y 542 formulatioll

of zirconia. According to Zireoa analysis, this

material is 97.1% zireonia and 2.17°-/o eah'ia.

It is n mixture of 70% tides of 10-g Iop par-

tMe size and 30% fused grog of 4S-mesh top

particle size, pressed with Methoeel and

Dextrine organic hinders at 5000 psia and fired

at 3250 ° F. The oral product has an apparent
density of 290 lb/['l 3 and Itll apparent porosity

(open pores) of 18.6%.

Figure 47-8 shows total emittan('e results. A

gradual increase in elnit Ianee wit h temperat ure

above 2000 ° F is exhil)ile(t, and measured values

are ]ow('r for runs wilh a ('ooh,r si)e('imen sub-

sllrfaee. Both lhe expected increase in the

absorplion coeflieiem ,tnd decrease in the

scattering eoeftlcient predict this observed

increase in emittance. The measurably lower
emitlance for the cooler subsurface is ('onsistent

with tile thickness required for opacity of this
zireonia formulation. Of additional interest,

the effect of surface rouglmess over the range
100 to 400 mieroinches rms was not measur-

able. These roughness values would no[ be

expected to grently affect emittan('e, as the size

of the irregularities is fairly small compared to

tit(, depth re<tuired for opaeily.

A permanent increase in emittanee was
observed on a specimen whose surface was

partially vitrifie<l by an excursion to 4650 ° F

4700 ° F. A closing of pores by vitrifi<'alion,

reducing scattering, would be expected to

t)roduee this increase. (Scattering is delri-
mental to emittance, as it increases at tmmation

but does not contribute to emission.) (!y(.ling

below the temperature of rapid viirifiealion did

not measurably alter emittance.

Figure 47-9 shows spectral emil tance resuhs

which follow a pattern similar to iolaI emit-
lance. Data below 3000 ° F are not presented

due to large errors at lower temperature in the

spectral plasma reflection ealit)ration.

RECOMMENDATIONS FOR EXTENDING USE-
FULNESS

Several refinements can t)e incorporated in the

present experimental approach to improve

accuracy and re<lute uncertainties. These re-

finements wouht then justify more sophisticated

analytical techniques, allowing the optical

constants to |)e inferre(l. With a knowh,<tge of

optical constants, the radiative transfer equa-

tions can be applie<l to eah.ulate emittanee

udder any set of boundary conditions. In
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addition, the possibility of extending tile

approach to also measure thermal comtuctivity
is mentioned since this wouhl render the

technique completely self-sufficient.

Experimental Refinements

Temperature Ineasurelnellt accuracy can be
improved by using smaller diameter blackbody

cavities and employing a microoptieal pyrom-

eter, thus precisely defining tile location of

measured internal temperatures and eliminating

tile need for any corre(.tion for nonisothermal

cavity walls. A further improvement in tem-

perature measurement accuracy can be ot)tai_wd
by producing a more nearly lira, at axial tem-

perature gradient in the specimen. Incorpora-

tion of a larger-diameter plasma flame wouht
a('hieve this etre(q. Uaeertainties due to

plasma reflections can t)e completely elimi-

nate(l by designing a system of rotating shutters

to provide alternate heating and viewing of the

specimen. A transient analysis shows that a
seven-bladed water-cooled shutter at)out 10

inches in diameter and rotating ,it 6000 rpm
in the plasma flame will re(lure cooling during

viewing to an acceptal)h, level. Sectored disks

placed in the Rayotube and optical pyrometer

viewing paths and rotating synchronously wit h

the plasma shutter wouhl allow viewing while
plasma heating is blocked, thus eliminating

reflected radiation. Measure(1 energy wouhl

be merely attenuated since the human eye and

Rayotube response rates are significantly below
the resultant 700-cps pulse rate.

AI_ improvemem in the accuracy of total

radiation detection can be achieved by a more

complete blackbody calibration. This shouhl

be accomplishe(t with the rotating shutter in

place. Due to the attenuation by the shutter,

a higher 0wrmopile output, will be needed at
the lower temperatures. This can be ac-

complished with a seeo1,1 instrument with a

larger target area, used below about 3000 ° F

where the front face gradients are less severe.

The at)eve incorporation of a larger plasma

nozzle will reduce thes(_ gradients.

A somewhat thinner specimen can be used

with the smaller blackbody cavities. This will

provide a wider range of axial temperature

gradients, allowing the effect of sul)surface
emission to be more precisely determined.

Analytical Refinements

With more precise inputs of raw experimental
data, the calculation of tim radiant redistribu-

tion of specimen temperature cart be accom-

plished with sufficient accuracy to warrant its
inclusion in data reduction. This would involve

the inference of the optical constants (absorp-

tion and scattering coefficients) with the radia-

tive transfer equations.

Hamaker (ref. 4) defined emissioll from a

light-scattering niaterial nlatheniat,ically in

terlns of its s('aliering coefficient, itbsorptioll

coefficient, and tenlperature distribution. Then

if total emission lit a given surface teinperalure
ean be nleasured under lwo known conditions

of subsurface tenlperature distribution, suffi-

cient inforination is provided to infer the two

unknown coefficients. Probably the most prac-

tical analytical procedure to employ would he

first, the calculated "opaque" specimen teni-

perature distributions, wouht be used to deter-

niine ihe absorption coeffieieni and scaiteriilg

coefficieiit values that produce the measured
increnient in emission. Next, these coefficients
woul<t be used to calculate it radiant redistri-

bution of the gradients, and a new set of co-
efficients would be determined fl'oni the new

temperature distribution. This technique

would be repeated until the solution converged.

In materials similar to the present zirconia

formulation, where the radiative redistribution

is small, such an iterative process should con-

verge fairly rapidly.

Any errors in the specimen external tempera-
ture profile due to variations in the subsurface

temperature distribution can be corrected for,

if warranted, t)y an extra step in the iterative

procedure to determine tim optical constants.
Errors due to the clloice of increinent size ill

the finite-difference heat transfer analysis can

be eliminated 1)y a series of calculations to
select, the maxinmni allowable increment size.

Measurement of Thermal Conductivity

Slight modification to the existing experi-

mental technique can also allow thermal con-

ductivity to be determined. By using rear

face heating only, energy crossing the front
face is then due entirely to heat conducted

through the specimen. This energy transfer
rate can be determined from a measurement
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of total emission using a thermopile, and a
calculation of convection losses (which are rela-

tively small) from established heat-transfer co-
efficients. The heat flow paths through the

specimen would be defined, as before, by a
finite-difference heat transfer analysis using a

measured external temperature profile. It

would be necessary now, however, to first

neglect the temperature variation of thermal
conductivity through the specimen. After de-

terminations at several temperature levels, a

Measurement of Thermal Radiation Properties of Solids

curve of conductivity versus temperature would

be indicaled, and values from this curve could

be used to recalculate conductivity. The proc-

ess would be repeated until further calculation
(lid not alter results.

An order-of-magnitude determination of con-

ductivity of zirconia using this method, but

only estimating the specimen axial tempera-

ture distribution, yielded values in fair agree-
menl wi_h independently determined data on
the same material.
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DISCUSSION

MOORE, NBS: I am a bit concerned about your

temperature coefficient. As you know, most of these

ceramic oxides have spectral curves that start out low

at the low wavelengths and then gradually come up

to high values as the w'ivelengths increase. This

tends to give a negative temperature coefficient for the

total normal emittance. You find a positive tempera-

ture coefficient for zirconia. Of course, your tempera-

tures do not go down too far, and I grant you that,

there are no spectral data on "my of the oxides at very

high temperatures. But it does make me wonder

because the positive temperature coefficient is really

not what I would expect.

Cox: I am glad you asked that. We demopstrated

at low temperatures a negative coefficient which is

in agreement with other reported data. At high

temperatures the energy is in the wavelength bands

where existing low-temperature spectral emittance
data show low emittance values. There are some

theoretical reasons why you would expect the spectral

emittance at these wavelengths to increase with tem-

perature. These are based on two factors: there is

evidence that as temperature increases absorption

bands broaden, and, also, electromagnetic theory

predicts that in regions remote from the absorption

bands the index of refraction decreases with tempera-

ture. Both of these would produce an increase in

spectral emittance with temperature at the wavelengths

of interest. Olson and Morris in their work at Armour

Research Foundation demonstrated an increasing

spectral cmittance with temperature at the optical

pyrometer wavelength at moderate temperatures.

I believe another paper on this program also shows an

increasing spectral emittance at higher temperature

So, if the spectral emittance is increaMng in these

b'mds, tot.d emittanee would also be expected to

increase.

Dr. R_r:THOF: I was sort of agreeing with you tip to

the Ittst sentence. I agree that you will get an increase

in spectral emittance but I do not think this in any

sense necessarily implies that the total emittance will

go up. You are still shifting a tremendous fraction of

your energy into the shorter wavelength where, true,

spectral emittanee goes up, but the spectral emittanee

there is slill h_ss than it is at long wavelengths.

Cox: In t.hc temperature regions we are talking

about, the bulk of the total energy is concentrated

around approximately 1 ,; in these bands you would

expect to have a correlation with the spectral emittance

curves mentioned. Our high-temperature total emit-

t'mee results :_re of comparable magnitude to our

present spectral emittance results, and to the previously

menti(med spectral emittance results of other investi-

gators.

In summary, the negative coefficient below 2000 ° F

results front the shifting of total energy from wave-

length regions of high spectral emittanee to those of

low spectral emittancc. Here the emittance decrease

with wavehmgth dorninates over the monochromatic

emit_aneeinerease with temperature. Above 2000 ° F,

the i,nergy still shifts, but remains within the wave-

h_ngth hounds of wh'tt was a spectral emittanee valley.

.ks the monochromatic emittanee in this valley con-

tinues Io rise, total emittance also increases.

ME'r(:._t,v, Solar Aircraft: Is it not a fact that you

are 14erring radiation emitted from greater depths of

the mal,.rial at high temperatures, because of the

increased lransparency? May I ask a supplementary
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question? I wonder whether this is a factor in the 1.1,106

interpretation of the shallow-hole experiments, in that

the difference of temperature may not be between the _ _0 _ 106

surface and the bottom of the hole, but should take &

into account the effects of transparency. _ 9, _06

Cox: In answer to your first question, some data _,
exist as to the change in transparency or translucency oz s, lO61

with temperature. We have generated a little bit, _-
.7 • I0 6

and some have been generated by Dr. Klein. At low

temperature or room temperature, some of the meas- 5
_- 6 • 10 6

ured data indicate the depth required for opacity to be

on the order of 0. i-0.2 inch on this material in the visible 5, _0'

and near infrared. We did some work at melting 01

temperature; the results arc shown in figure 47-10.

The data are rather crude, but might shed some light

on this question. Fte,[;RE

The data in this figure were obtained on various

thicknesses of zirconia disks. These disks were melted

and total radiation was detected at melting, and you

can see that we (lid measure in a somewhat crude

fashion a dependency of emission at melting on thick-

ness. Now this might lead you to estinmte that a

depth of about 0.05 inch is required for opacity at

melting, which does not seem unreasonable, based on

the room-temperature data. You would expect, due

to the changes in the scattering and absorption co-

SPECIMEN AT THE MELTING POINT

I , I 1 I I IIII I • l I I I | I J

025 05 10 ?5 50 10

SPECIMEN THICKNESS - INCHES

47-10.--Effect of specimen thickness on

total emission.

efficients, some change in opacity with temperature,

but it is hard to make quantitative predictions.

I will comment on the secot)d question, whether this

affects the shallow-hole technique. I think it will

affect it if the translucency of the particular material

under test is appreciable. I believe it will affect the

validity of the analysis as to the effective emittance of

the cavity. Also, it will affect the results because the

emission is no longer uniquely from the surface.





48mA VERY RAPID 3000 ° F TECHNIQUE FOR

MEASURING EMITTANCE OF OPAQUE
SOLID MATERIALS

BY R. J. EVANS, W. A. CLAYTON, AND M. FRIES

THE BOEING COMPANY, SEATTLE, WASHINGTON

This paper presents a rapid, total normal emittance measurement technique useful for
comparative tests. The heat source is a 10-kw tungsten-filament lamp whose energy is
focused on the specimens with two 36-inch parabolic mirrors. The method described is
useful between 10000-3000 ° F with all tests conducted in air. Accuracy depends on surface
temperature measurements, with an accuracy of +5% and --10% when the thermocouples
are used and an accuracy which depends on the deviation of the specimen from a gray body
when an optical pyrometer is used.

INTRODUCTION

The radiative efficiency of any specimen may

be controlled by its chemical stability in the

environment to which it is exposed. For

engineering applications it is quite necessary to

know the magnitude of change in radiative

efficiency with time at temperature in a given

atmosphere. It is often necessary to screen a
multitude of specimens to obtain the most

efficient radiator for a particular environment.

This paper presents a very rapid technique for
emittance screening and for measurement of

emittance changes vs. times in an atmosphere
uncontaminated by the heat source.

EQUIPMENT AND MEASUREMENT TECHNIQUE

The equipment consists basically of a heat

source, temperature-sensing device, and thermal
radiation detector. Energy from a 10-kw

General Electric G96K lamp located at the

focal zone of a 36-inch parabolic reflector is
collimated onto a second 36-inch reflector

located in optical alignment with the source

mirror. This energy is then focused on the
back of the test specimen located at the focal

zone of the second mirror. To increase the

energy received at the test specimen, approxi-

mately one half of the lamp envelope located
on the side opposite the source mirror is

silvered. With this arrangement, thermal

fluxes up to 75 Btu/ft2-sec on a 1-inch square
area can be obtained.

Figure 48-1 is a schematic, and figure 48-2

is a photograph of the test apparatus. The

thermal flux from the lamp is controlled by a

venetian-blind-type louver system and by a

step-wise voltage control in the lamp circuit.

The specimens can be any configuration
between _4/-x _4/-inch and 1- x lh/-inch. This

method, utilizing standard available lamps, is

capable of heating the cold face of thin metals

(to 75 mils) to 3000 ° F and opaque ceramics

and/or non-conductors (to y-inch thick) to

2700 ° F, depending on the absorption char-

acteristics of the body for the lamp radiation.

With this heat source and these specimens,

equilibrium is quickly reached, within 2-3 min,
at any temperature.

The specimens are mounted in holders cut

from commercially-available aluminum-silicate

insulating board (Fiberfrax). These holders

serve to insulate the specimen from the metal

mounting, and minimize thermal gradients
across the specimen due to conduction losses.

A Brown Instrument Company model RL2
miniature radiamatic radiometer is used to

measure the energy emitted from the specimen.
This radiometer has a calcium fluoride lens

which passes energy between 0.2 and 9.6 _ from

a target area _ inch in diameter at 6 inches

from the specimen. It sights on the specimen

through a water-coiled sighting tube blackened

to absorb extraneous radiation. The optical

483
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Energy Source
(I0- kw G96 Lamp

Venetian Blind

Louver System

Micro Optical
Pyrometer

RadlometeI

Sighting Tubes

Specimen

;ontrol
rstem

Recorder
for Radiometer

FIGURE 48-1.--_archlight emittance tes_ apparatus.

pyrometer used for measuring temperature is a

model 95 pyro-micro-optical pyrometer with a
sighting area just, slightly smaller than that. of

the radiometer. If tilermocouples can be

attached, 2.5-mil platinmn-platinum-13% rho-
dium wires are used so that conduction losses

along the wire arc minimized. Thermocouples

are spotwelded to the surface of the specimen

in the middle of the radiometer target area.

Two readings are required to calculate

emittance from the following relationship which
is derived from the Stefan-Boltzmann total

radiation equation.

To,
_,,=_ (1)

where T_ output of radiometer converted to

an apparent blackbody tempera-
ture, obtained from the radiom-

eter blackbody calibration

T, true specimen temperature.

True temperature is measured directly for

material,_ to which thermocouples can be

attached. If they cannot be attached, as on

ceramics and (!oated refractory alloys, an opti-

cal pyrometer reading must be used with the

radiometer reading to calculate both the emit-

tance and true temperature by the method
outlined below.

An optical pyrometer, which passes only

radiation in a narrow band around 0.665 u,

reads a brightness temperature lower than true
for any radiator less efficient than a blackbody.

The true and brightness temperatures are

related by the expression:

1 1 Xlne_
Tt rb G (2)

where:

T, true temperature, ° R

T_ brightnesstemperature, °R
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Mean effective wavelength of the optical

pyrometer (0.665/_ for red filter)

(J_ second radiation constant=25,896 _-°R

e_ spectral emittance at 0.665 microns

FI(_tTRE 48-2.--Searchlight facility, 36-inch.

fled Leeds and Northrup optical pyrometer and

an NBS standard lamp.

Then the emittance and true temperature of a

specimen can be calculated by assuming a _oTay-

body, _rN-_eO. SBS, and solving equations (1)

and (2) for _r_ and Tt. This solution can be

found by a method of successive approximations

which for a large number of calculations is

eliminated by construction of a working homo-
graph. The solution given by the nomograph

in figure 48-3 represents the emittance value

which will approximately satisfy the two

equations. The accuracy of the nomograph is
better than 0.01 on the emittance value. The

radiometer is calibrated against a blackbody

reference groove, in this case a 6:1 depth to

radius blackbody cavity. The micro-optical

pyrometer is calibrated against an NBS certi-

ERROR ANALYSIS

The errors in measuring emit tance arise from

the following sources:

1. Error in apparent total radiation temper-
ature due to uncertainty in radiometer
calibration. This has been determined to

have :t: ,_tC//c,uncertainty or a total of :i:2%

on the final emittance calculation for

calibrations obtained from the blackbody

in the Boeing thermal radiation test

facility.

2. Error caused by reflected energy which is

emitted from the specimen other than

normal to the target area and is diffusely

reflected from the sighting tube back to

the target area and to the radiometer.
Calculations show this to be a maximum
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Equation for NomorJaph:

£TN = (Ti }_llTb+ CInETN 14

Ezample: T b - 2000"F, T I * 1900°F

What is the total normal emlttance?

Solutlon: Connect T b - T a - IO0°F

,_ on the le/t scale and T -_O_)'Fon
the right scale with a _raizht line.

Read the specime_ emittar_e, 0.8, at
the tntersectloa of the stra_ht line
and the center scale,

i

-25OO

e_

8

FiGvam 48-3.--Nomograph for calculation of total

normal emittance (from optical and total radiation

pyrometer readings).

3,

4,

5.

of ÷ 1% for a distance of 7,/ inch between

the specimen and the sighting tube.

Error caused by _= !./:_ uncertainty in the
optical pyrometer reading; the acknowl-

edged accuracy of this instrument. Boe-

ing optical pyrometers consistently show

less than Y2% error when compared to

NBS standard lamps. Because of the

simultaneous solution required for equa-

tions (1) and (2), this error ranges from
±3.5% at 2800 ° F to ±2.5c7v at 1600 ° F.

Error due to nonisothermal conditions, if

they exist, would be of the same magnitude
as Error 3.

The error caused by using an optical pyrom-

eter and the graybody assumption arises

because the spectral emittance at 0.665

_, the wavelength band pass of the

pyrometer, may differ from the total nor-
mal emittance. When these two emit-

tance values differ, solving equations (1)

and (2) will give a specimen temperature

different from true specimen temperature,

causing an error in the measured emittance.

This error is a function of the ratio of spec-

tral to total normal emittance. Figure

48-4 is a plot of this error as a function

of the variables. The appendix includes a

development of the error.

6. Error caused by uncertainty in thermo-

couple measurement. Because of conduc-

tion up the wires, thermocouples tend to

read lower than true temperature, causing

the measured emittance to be higher than

true. A total accuracy of ÷5% --10%

o_) measurements with thermocouples is
believed to be realistic for this case.

Figure 48-5 is a plot of data obtained on
platinum-13v'/o rhodium and oxidized Inconel

X. Each set of data represents 4 or 5 repeti-

tions on the standard over the entire tempera-

ture range and was obtained during a calendar
month. The data were obtained with an

optical pyrometer. All the Inconel X data
fall in a band of 0.066 unit, and the platinum-

13% rhodium in a band of 0.02 to 0.03 unit.

This is quite close to the scatter predicted by
the uncertainties assigned to the optical py-

rometer _'eadittgs and the radiometer measure-

ments.

The error due to the graybody assumption is

constant for any temperature, so it should not

affect s(,atter. The plat inum-13v'/o rhodium

N

O

_a

+40

+2(

T m = 2800"F

= :1800° F

1600"F

Fi(;ua_: 48-'_.--Error on emittance from 36-inch

searchlight emissometer due to specimen departure

from th(_ graybody condition.
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FIGUaE 48-5.--Emittanee plotted against tempera-

ture for oxidized Inconel X and platinum-13%

rhodium.

scatter may be slightly exaggerated because tbe

final numbers are always rounded off to the
nearest 0.01. It is believed that the Inconel X

data represent an upper limit in the scatter

band in this emittance range. It includes

scatter due to surface changes, which were

visually noticeable during the several runs.

CONCLUSIONS

This technique is valuable where a rapid test
and good reproducibility are important. The

technique is particularly adaptable to pro-

grams where a large number of specimens

must be evaluated. Small specimen size and

simple configuration greatly reduce program

costs. The accuracy of the emittance values

obtained is comparable to classic techniques

which employ the same temperature measure-

ment method; +5%, --10% using thermo-

couples, and :t:10% for most measurements

based on optical and total radiation pyrometer

readings alone.

APPENDIX--ERROR INVOLVED IN THE GRAYBODY ASSUMPTION WHEN

AN OPTICAL PYROMETER IS USED TO MEASURE TEMPERATURE

The two equations involved are:

T2

where

T_ apparent blackbody temperature as de-

determined by the radiometer where
T, true specimen temperature

_r_ total normal emittance

1 1
i_---C In (2)Tc _0.665

where

T_ corrected optical pyrometer temperature

Tb brightness or observed optical pyrometer

temperature

(7 0.665
--_-= (2.57 X 10-0°R

_o.8_5 spectral emittance at the band pass of
the pyrometer, 0.665

If we assume a graybody, we assume

t_TN _ _0. (J65

and
If this assumption is true, the corrected optical

temperature in equation (2) is the same as the

true specimen temperature. If the assumption

is not true then the corrected temperature will

not be the true specimen temperature and will

be equal to some final calculated temperature
defined as T,,.

Ta

e ra_(,)= _ll4 (4)

Ta

_T.(,.)= _--_. (5)

Substituting into the error expression

I--1(T_)' j 00
T_ and T_ differ from each other because the

assumed spectral emittance (which is also the

measured _rN) differs from the true spectral

emittance, that is;

1 1
C In _0.o_5 (assum ed) = C In _ rN(m)T_ T_

(7)

1 1
Tb=Cln e0.665 (true) (8)T,

692-146 0---63--32



488

Subtracting equation (7) from equation (8):

1 __1==(:, [I1 _o._5 (9)

As the ratio of spectral to total emittance in-
creases or decreases from 1.00, the difference in

these temperatures increases, thus increasing
the difference between measured and true

values. A plot of tile error as a function of

Measurement of Thermal Radiation Properties of Solids

various ratio_ of eO_65/*T,'¢,_ for two different
tempcratl_ves is presented in figure 48--4. For

example, it' the measured total normal emit-

tance _Tx,_ of pl_ttinunl-13% rhodium is 0.15 at
2800 ° F aT_d the spectral emittance _0,_ is

actually 0.:',, then the ratio _oss_/_r.v_-=2. From
figure 4,s-t for T,_=2800 ° F the error is +25%.

This shows that the true emittance is greater

t|mn the ,/_eitsured wtlue by this percentage.



49--MEASUREMENT OF NORMAL AND DIREC-

TIONAL HIGH-TEMPERATURE TOTAL AND

SPECTRAL EMITTANCE

BY J. R. GRAMMER AND E. R. STREED

LOCKHEED MISSILES & SPACE COMPANY, PALO ALTO, CALIFORNIA

Apparatus to measure the total hemispherical and directional total and spectral emit-
tancc ill the temperature range of 400 ° to 2000 ° C is described. The device consists of a
water-cooled evacuated chamber in which a sample formed into a modified Mendenhall
wedge enclosure is heated electrically by its owi_ resistance. The sample can be rotated in
azimuth while viewed externally through a double-slit collimating optical system. Total or
spectral emittance is determined by comparing emitted radiation from the surface to radia-
tion emitted from the enclosure t_sdetected by a vacuum thermocouple used with or without
a monochromator.

Tim spectral and direc, tional emission char-

acteristics of materials as a function of composi-
tion, temperature, and surface condition are

becoming increasingly important in space-age

technology. The departure of practical, awtil-
able materials from the ideal blackbody radiator

demands that experimental nmasurements be
performed on most materials to determine their

optical characteristics. In addition, spectral
and/or directional data are needed during ma-

terial development programs or for vehicle

design purposes. High-temperature measure-

ments are best accomplished by radiometric

methods. A radiometric method usually im-

plies direct comparison of the radiant flux

emitted from the material under investigation

to the radiant flux of an ideal radiator, both at
identical tenlperature and with the same

measuring instrument field of view.

Advantages of a radiometric system are:

(1) measurement of the desired quantity, emit-

tance; (2) sample temperature and vacuum
conditions readily achieved during measure-

ment; (3) sample surface condition generally
typical of actual awfilable material; and (4)

measurements rapidly performed after appa-
rat.us has been proven adequate. Some of the
problems inherent in direct emittance deter-

minations are: (1) reducing or correcting for

background radiation; (2) achieving a black-

body reference source; (3) attaining and main-

t aining a constant_ and uniform sample tem-

perature during the measurement period; and

(4) design and alignment of identical transfer

optical paths for blackbody and sample
radiation.

A measure of the departure from Lambert's
law (cosine distribution) can be expressed as

the ratio of the total hemispherical to the total
normal emittance when measured under the

same conditions. The theoretical deviation of

tiffs ratio has been presented by Jacob (ref. 1)

and by Eckert and Drake (ref. 2). The ratio
as a fimction of emittance and deviations

obtained from experimental data are shown in

figure 49-1. It. is the intent of this paper to

describe apparatus, procedures, and results

pertinent to the obtaining of actual values of

spectral, total, hemispherical, and directional

emittance in the temperature range of 400 ° to
2000 ° C.

NOMENCLATURE

_,(_, T) directional spectral emittance
J,(),,T) monochromatic power radiated per unit sur-

face area in direction making an angle
with the normal to the surface element of a
material at a temperature T

J,b(_,T) monochromatic power radiated per unit sur-
face in direction making an angle _bwith the
normal to the surface element of a black-

body of the temperature T
489
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FIOUI_E 49-l.--Theoretical and experimental values

for the ratio of hemispherical to total normal emit-
lance.

J(X,T)

T

c_ and c2

k

P,

Po

W

h
t
o"

(,(T)
J,(T)

J,b(T)

I

V

e,(T)
A.

7".

Tw

qc

r8

Ki

P
Xl

monochromatic power radiated per unit sur-

face area of a material at temperature T

temperature

wavelength
Planck's radiation constants

alternating voltage developed by the detector

responsivity (volts/watt) of the detection

radiant power received by the detector from
the source

radiant power received by the detector from

the chopper blade

solid angle

slit height

transmissivity of optical system
Stefan-Boltzmann constant

total directional emittance

power radiated per unit surface area and unit

solid angle in direction making an angle 4)
with the normal to the surface of a material

at a temperature T

power radiated per unit surface area and unit

solid angle in the direction making an angle
4) with the normal to the surface of a black-

body at a temperature T

current through sample

voltage drop across the element in direction
of current flow

total hemisptmrical emittance
area of surface

temperature of surface

temperature of chamber walls

thermal conduction loss from radiating ele-
ment to colder electrodes

thickness of window

reflectance of sample surfaces

thermal conductivity of sample

resistivity

thickness of sample
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x2 thickness of coating

K2 thermal conductivity of coating

i current density

METHOD

Direct emittance measurements must be of a

directiomd nature; consequently, the direction

at which the sample is viewed and the solid

angle viewed nmst be specified. In general,

only simple modifications of a system are

required to convert from spectral normal to

total normal; therefore, no distinct:ion between

the two will be made.

The directional spectral emittance _(_, T)

is defined a_ the ratio of J,(X, T), the mono-

chromatic power radiated per unit surface area,

unit wavelength interval, and unit solid angle,

in the direction making an angle 4) with the

normal to the surface element of a material at

a t.emperature T, to J,b(h, T), the monochro-

matic power radiated per unit surface area,

unit. wavelength interval, and unit solid angle,

in the direction making an angle 4) with the

normal to the surface element of a blackbody

at the same temperature T,

J,(X,T) (1)
e_(h,T) J_(X,T)

where

JcJX,T)- Jd)t,T) (2)
W

and by Planek's radiative law

ciX -_
JJh,T) e¢_/xr_ 1,

(3)

in units of power per unit wavelength interval

and unit surface area, as shown by Bell (ref. 3)

and Blau (ref, 4).

The alternating voltage v, developed by the

detector of a mechanical chopping radiation

measuring system, is proportional to the differ-

ence in radiant power (P,--Po) received by the

detector when it views first the source and then

the chopper blade,

v=k(P_--Po) (4)

where k is the responsivity (volts/watt) of the

detector.

The radiant power incident on the detector

from a source at a temperature T is given by

P,=J,(X,T)whstAX (5)
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where w is the solid angle, h is the slit height,

s is the slit width, t is the transmissivity of the

optical system, 5k is the wavelength interval,
and J,(h, T) is the spectral emissive power of

the source. Combining equations (4) and (5)

gives

v=[J_(_,T) --Jo_(_,T) ]kwhst2_X (6)

where Jo_(h, T) is the spectral emissive power

of the chopper blade. For source temperatures

above about 400 ° C, J>>Jo, and thus

v=J , (_,T) kwh._tA h (7)

if v, is the voltage response of the system to

sample radiation and vb is the response to black-

body radiation.

v_= J,(_,T) =_,(_,T) (8)
v_ J,b(h,T)

The spectral emittance from 1 to 15_ has

been determined by a similar method for tem-

peratures above approximately 400 ° C by

Richmond (ref. 5) by matching the sample

and blackbody temperatures and measuring
the ratio of tile emitted radiation with a double-

beam spectrophotometer. A variation of this

method was devised by Weber (ref. 6) to obtain

normal spectral data at sample temperatures

approaching room conditions.

Similarly, the directional total emittance can
be expressed as

The total henfispherical emittance ex(T) is
defined as the ratio of Jn(T), the power radiated

per unit surface area into a hemisphere by a

material at a temperature T, to J_(T), the

power radiated per unit surface area into a

hemisphere by a blackbody at the same tem-
perature T, or

• Jn(T)
en(T) = j-_ (12)

A steady-state power technique of measuring

e_(T) of electrical conductors has been de-

scribed by Worthing and Halliday (ref. 7) and

also by Abbott, Alvares, and Parker (ref. 8).

The value en(T) is determined from the equi-
librium temperature of the sample with a

known electrical power input in a vacuum

environment to an enclosure temperature dif-

ferent from its own. Assuming that the

current density is isotropic through the sample,

then the heat generated per unit cross section

of volume element is given by

Q= IV

where I is the current through the sample, and

V is the voltage drop across the element in the

direction of flow of the current. In the steady-
state condition, the heat energy generated per

volume element must equal the heat radiated

by the surface of that volume element plus that

which is conducted away from the element, or

where

e_(T) J,(T)
=J_b(T) (9)

J,_(T)-- J_(T)
"If

and by Stefan's law

Ja(T) =aT 4 (10)

and accordingly,

(11)

Somewhat lower sample temperatures can be

utilized for total energy measurements,

_u(T)A,aT_A-q¢=IV÷an(T)A_aT_ (13)

_H(T)

A,

(y

T,
T_

q¢

_.(T)

total hemispherical emittance of surface
area of surface under consideration

Stefan-Boltzmann constant

temperature of surface

temperature of chamber walls
thermal conduction loss from radiating

element to colder electrodes

total hemispherical absorptance of sur-
face

As 7', approaches T_, the absorptance of the

sample for radiation from the chamber walls,

an(T), becomes approximately equal to the

sample emittance _,. For T,>>T_, the emis-

sion of the chamber walls becomes negligible

with respect to that of the sample. Thus, one
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may assume a,(T)=eH(T), and rewriting the

equation gives

_(T)A_(T_-- 1'4)=VI--q, (14)

VI--qc
+n(T)=Asa(T_--T_ )

The voltage drop across a length of the uni-

formly heated control portion of a strip sample

is measured by a high impedance a-e VTVM.
The current is measured by the use of a 0-5

amp ammeter with an external transformer.
The temperature range of determination is

approximately 400 ° to 2000 ° C.

APPARATUS

The apparatus consists, in general, of a water-
cooled evacuated chamber in which a sample

formed into a modified wedge enclosure is

heated electrically by its own resistance. The

sample can be rotated in azimuth while viewed

externally through a d,mhle-slit collimating

optical system. Signals are obtained with a
vacuum thermoc(mple operated in a-c or d-e

mode. A detailed des('ripti(m of the major

components shown in figures 49-2 and -3

follows. Items are keyed t)y number to figure
49-3.

1. Vacuum Syste,n The vacuum chamber

(shown in cross section in fi_. 49-2, -3) consists
of a stainless steel ball jar (1) which is 12 in.

in diameter by 14 in. in height and rests on a

1-in.-thiek stainless steel baseplate (2). The

bell jar is cooled by ('ir(.uhtting water through
tubing brazed to the exterior (3). The inner

surface of the bell jar is ('()a(e(t with Parson's

optical black lacquer, which has a diffuse

reflectance of about 35_ to minimize reflected

radiations entering the optical system. Pres-

sures of the order of l X 10 -amm of Hg or less
are maintained within the chamber to nfinimize

the thermal conducti(m loss by air molecules

and minimize degradation of sample surfaces.

Vacuum pumping is accomplished by a 2-in.
diffusion pump (4) and a 5-efm mechanical

pump. A liquid nitrogen trap and baffle are

mounted between the diffusion pump and the

base plate to prevent back-streaming of oil
into the chamb_¢. Removable vacuum feed-

throughs are incorporated in tim base plate
for passage of the thermocout)le leads. These

units consist of glass-to-metal feed-throughs

FIGURE 4!} 2. ttigh-temperature angular dep(,iM(mce

apparatus.

which are soft-soldered to a copper tube and

vacuum seMed with a Swagelok fitting.

2. I)yna,ni(' Seal-The dynamic seal (4)
which pern,its the azinmthal rotation of the

samt)le is shown in detail in figure 49 4. The

flan_e rotates in an O-ring for vacuum sealing.

Electrode feed-throughs also utilize Swagelok

vacuum seals to permit vertical and horizontal

adjustment _f the dectrodes. Clamps are

provided t(, h)ck the electrodes in position with

respe('t to the flange. Weights, suspended
from the lower electrode, keep the sample under

a slight tension to compensate for linear ex-

pansion. The electrodes are water cooled (6)

as shown in figure 49-3. They consist of

concentric oopper tubing of }_-in. and /_-in.

outside dbmmter, with the conductor on the

inside. The water flows up through the )i_-in.

tubing and out through the separation of the
two tubes. Four ceramic insulators (71} elec-

trically isolate the portion of the electrode in

contact with the base plate. Electrical power

for heat ing the sample is supplied by a Variae-
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16 17 T 12
9

1. Vacuum chamber belt jar
2. Base plate

3. Cooling coils on belt jar

4. Diffusion pump
5. Dynamic seal
6. Water coolant

7. Ceramic insulators
8. Slit
9. Silt

I0. Silt housing
I I. Potassium bromide window

12. "0" ring vacuum seals

13. Cold trap
14. Electrodes

15. Chopper
16. Collector mirror

17. Vacuum thermocouple
18. Sample

FIGURE 49-3.--Cross-sectional view of emittance device in total normal emittance operation.

controlled lO-kva stepdown transformer with a

rated output of 1,000 amp at lO v.
3. Collimating Slits and Windows--The sam-

ple and blackbody are viewed externally

through a double-slit collimating optical system
(8 through 12). The two slits (8 and 9) are

separated by 8.5 in. and are mounted in a 1.5-

in. stainless steel tube (10). The tube has
internal threads and is coated with Parson's

optical black lacquer to minimize internal

reflections. A potassium brolnide window (11)
is used with O-rings (12) for a vacuum seal.

Slit widths of the order of 0.020 in. define very
effectively the area and position on the sample

surface and the direction from which the sample

is viewed by the external detection system.

The slit widths are not small enough to cause
loss of energy by diffraction effects of single
slits.

4. Radiation Detection System--The energy

which emerges from the exit slit is collected and

focused upon a vacuum thermocouple by an

elliptical mirror. For total radiation data, the

EMF output of the thermocouple is measured

with a micro-millivoltmeter. The background

radiation is measured initially with a water-

cooled baffle placed in front of the entrance slit,

and the entire exit optical path is enclosed in a

black box to eliminate spurious reflections.
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F-11 r[j

'_SWAGELOK

FIGURE 49-4.--Dynamic seal and water-cooled

electrodes.

Spectral measurements are performed by in-

stalling the 13-cps synchronous chopper and

rectifier directly behind the exit aperture. The

radiation is then directed to the spectrophotom-

eter transfer optics, and the normal spectro-

photometer amplifier and recorder systems are

used. The monochromator is equipped with

a sodium chloride prism to provide ma×imum

spectral resolution in the l- to 10-_ region (fig.

49-5).

,- COLLIMATING SLITS

_i _`_l / _-__ _ SPECTROPHOTOMETER

I 5 - VACUUM THERMOCOUPLE

FIGURE 49-5.--The radiation (h'tection system for

spectral and total normal operation.

5. Sample Construction--The sample is con-
structed from sheet stock which is 0.003 to

0.010 in. thick, 6 in. long, 1_ in. deep, and }_ in.

wide, with a cross section as shown in figure 49-6B.

The sample forms an enclosure with open ends

and a t-in. by _-in. opening in the central
portion (ff the }_-in. side. Baffles are spot-

welded above and below the opening, forming

a cavity in the center portion of the sample, to
eliminate radiation losses to the water-cooled

electrodes. Sample surfaces are limited to ma-

terials which can be heated by their resistance

or to very thin opaque coatings which can be

applied t(, resistance-heated substrates. The

coating (hermal conductivity must be high

I!

' I/8

_[ "4--- 1/4"

A

/,
3o 0 o 3 o 5 o 0 o 5 °

C D

F1GURE 49--6.---Angular distribution of the radiatio_

from a blackbody eavit.y for a rectangular and

wedg_.-shat)ed eavit.y: A--rectangular cavity, B--

modifi_.,t wedge cavity, C--angular distribution of

ra(tiati_,n from rectangular cavity, and l)--angul'lr

distrib_:li(_n of radiation from modified wedgc cavily.
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enough to minimize temperature gTadients from
tile inside of the enclosure to the outside.

6. Temperature Measurements--Tempera-

tures of the sample surface up to 1500 ° C are

measured with 0.003-in.-diameter platinum/

platinum-13% rhodium thermocouples. A 1-

in=diameter window mounted in the bell jar

permits visual observations of the sample and

optical pyrometer temperature measurements.

By observation of the blackbody cavity, the

temperature of the sample is obtained directly

by the pyrometer reading, since the temperature

gradient through the wall in most cases is

negligible. For optical pyrometer temperature

determinations of samples which do not have a

blackbody cavity enclosed, the observed ap-

parent temperatures are corrected in accordance
with the relatiortship (ref. 10):

where

T

Tapp
h

('2

¢h

#

/

1 1 =--_ In exe -_
T To,, c_

actual temperature

apparent temperature
wavelength of operation of pyrometer
Planck's second radiation constant

emittance of sample at wavelength

absorption coefficient of window
thickness of window

x---x T_tol_ _o,x LU_ 112¢ O---OT_mOl_ 14_ t.USC _ A

,¢
! a

_°

% I I /

 -:5;57
,o -_.--&_o-_--_--T>:-'_._-_ __ J i i I

(_ [UlTT_[ IlX_'tEI31

F]C, URE 49-7.--Relative directional total radiance

of tantalum.

Figure 49-7 is typical of the data obtained

with the equipment.

EVALUATION

Blackbody Efficiency

The accuracy of the determination of tile
directional spectral and total emittance is de-

and Spectral Emittance 495

pendent upon the efficiency of the reference

blackbody cavity. The spectral distribution

and density of the theoretical radiation is given

by the radiation laws of Planck and Stefan.

The radiation characteristics of practical
blackbody cavities deviate from the theoretical

blackbody because of the necessity for one or

more holes in the cavity walls and because of

the inhomogeneities in the temperature of the

walls. As shown in reference l l, the degree

of the deviation will depend upon:

ratio of the area of the opening to that of
the internal dimensions

position of the surface element observed

through the hole

dimensions and positions of any additional
holes

temperature distribution over the walls

In addition, the apparatus described in this

paper requires a blackbody cavity enclosed

within a sample which has a planar surface

that can be viewed externally. These restric-

tions limit the possible sample configurations

to the two investigated below.

The angular distribution of the radiant

intensity of the rectangular cavity is shown in
figure 49-6. It is seen that a maximum is

reached when viewing either corner of the rec-

tangular cavity. Each corner in itself forms

an approximation to a Mendenhall wedge

(ref. 12), increasing the efficiency of the cavity

when viewed at a small angle. The modified-
wedge cavity shown in figure 49-6C provides

the maximum blackbody efficiency which can

be utilized in this application. It consists of a

Mendenhall wedge with extended parallel sides.
The angular distribution of the modified

wedge, shown in figure 49-6D, indicates that the

intensity of the radiation is constant across the

aperture port.

Considering the absorption of the cavity to be
equal to its emittance, the departure of the

cavity from the theoretical blackbody can be
determined. The number of reflections which

occur before a ray entering the cavity is re-

versed in direction is given by n= 180/a where

is the apex angle of the wedge. The effective

emittance (e_) of the cavity (ref. 14) is given

by

_w=_s rs n
.=
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where

_, emittance of sample surface

r, reflectance of sample surface

The deficiency of the cavity is then given by

Ae____:eb--eW l __e w

For an apex angle of 15 ° and considering only

10 reflections, the departures of the cavity from

a blackbody are as follows:

A_

_s _:b

0.4 0. 004

O. 3 .030

O. 2 .097

O. I .314

Temperature Gradient Through the Wall of the
Blackbody Cavity

If tile interior of the blackbody cavity is at a

greater temperature than the outside surface,
then the deternfined emittance will be less than

the true emittance of the surface.

Consider a cross-sectional volume element of

the sample when heated electrically by its own
resistance. The heat energy transferred in unit

time in a plate of thickness (Ix (ref. 13) is given

by
52T

Q,=KIAdx bx 2

where Adz is volume element and K, is thermal

conductivity. If Aq is the rate of heat genera-
tion "per volume element, then an amount

Q_ = AdxAq

will be generated. Under a steady-state condi-

tion, the sum of Q, 4-Q2 must equal zero. Thus,

52T
K, Adx -_x_+ AdxAq=O

or

d2_T==__(t
dx 2 K,

Integration yiehts

dT Aqx. C

Measuring z from the inside of the cavity at

t=O, we have T= T, and dT/dx=O; thus C,=O

Integration again yields

at

and

T AqXZC

_=o, T= T,, .'. C_=O

T-- T,= Aqx2
2K,

If Ax is the thickness of the sample material

aml T2 is the temperature of the surface, then

T,- T_= _(Az)_
2K,

or

AT Aq(Ax) 2
2K,

The heat energy generated per volume ele-
ment is given by

Aq=i 2 p,

where i is current density and pt is resistivity
of the material

Thus,

AT i2Pt(Ax) 2
2K,

In the steady-state condition, the heat energy

generated per volume element must equal the

heat radiated by the exterior surface of that

volume element. Thus,

and

where _._is cmittance of surface and T, is tem-

perature of surface.

Substilulion in the equation for T yields

For a compound sample where a substrate of

thickness x_ has been coated with a material

of thickness x_ and emittanee e, the tempera-

ture gradient ,_TI_ across the substrate is given,

as before, by
A_ i_ptx, 2

112--

Under steady-state conditions, the heat ener-

gy radiated by the exterior surface at a tern-
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perature Ts must be equal to that conducted
across the coating. Thus,

and

K2A AT2a__ e3a q T3 4
X2

A _rv23 _ _3(TT34 x..__2

K2

The total gradient Tls is then given by

A Tls=A Tlz + AT_a=i2 pxl2+ eaa Ta4 x2
2K1 Ka

At steady state, tile heat radiated must equal

the heat generated within the element. Thus,

i2pxtA = eaaA Ta4
and

aT, a=_a_Ta4/( x, _t_z2"_

Some typical temperature gradients are given

in the following tabulation:

).laterial Temperature Xh rail

Tungsten ...... 1000 l0
2000

Titanium ...... 1000
2000

Rokide "C" on
titanium .... 1000

2000

z_, rail A T, o C ,_t, %

...... O.024 ......
10 ....... 19 ......
10 ....... lO ......
10 ....... 80 O. 4

10 5 2. 75 1. 5

10 5 22.0 5.3

he is the error correction in the determined

emittance for the temperature gradient des-

cribed. As shown, for most materials it is

negligible and need be considered only for coated
materiMs.

Error Analysis for Directional Spectral and Total
Emittance Data

'File error associated with a particular

determination for the directional spectral and
tile directional total emittance will be the same,

since tile same type of measurement is utilized

in both cases. The expression derived for
the emittance in the discussion was

and it was assumed that

v, J,(T)

vb J,,(T)

Actually, the voltage v,, corresponds to

where
v, = _,A,a T/ + r,A,_ T_ 4+ B,

e,A.,al= 4 power radiated by sample surface

r,A,aT_ _ power radiated by chamber walls

and reflected into optical system

Bg=background signal

and the voltage vb, corresponds to

vo= _oA,_ Tb 4+ B,

where _bA,zTo _ is the power radiated by black-

body cavity.

The factor Bg is determined before the actual
measurement and is a zero correction. From

the temperature gradient determinations we
have 5/,= Tb and thus

or

_nl-- --

Vs %A,aTs4+r,AsaT_ 4

v,, _¢t+, T;'

es rsTw 4

e¢_ cots 4

Where em is the measured emittanee, for

T_>400 ° C, we have :/',4> > T_ 4where T_ 4_ 25 °

C, and we have
_'s _/:s

The probable error is then given by

e,n I\ es / \ eb / _1

The uncertainty in e, is given by the instrument

uncertainty. And, thus,

Thus, the probable error in the determined

emittanee is given by the following tabulation:

_em

Cs gm

0.4 .................................. O. 03
0.3 .................................. 034
0.2 ................................... 109
0.1 ................................. 314
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50mEMITTANCE MEASUREMENT CAPABILITY

FOR TEMPERATURES UP TO 3000°F

BY A. S. KJELBY

AERONCA MANUFACTURING CORPORATION, MIDDLETOWN, OHIO

The emittance of a re-entry vehicle heat shield plays an important role in maintaining
low substructure temperatures. State-of-the-art literature does not furnish sufficient data
for the radiation properties of ceramics i11the temperature range realized during re-entry.
In order to provide these data it was necessary to design and construct a special apparatus
capable of measuring emittances up to to 3000 ° F.

The method of determination of the total hemispherical emittancc by comparison with a
blackbody is the basis of the technique herein employed. If the temperatures and the areas
of the unknown surface and the blackbody are made equal, the method becomes simply the
determination of the ratio of the rates of emission.

Developments in our space programs have
brought us to the point where re-entry vehicles
are now within the state-of-the-art. Intensive

studies are being conducted on re-entry vehicles
for both circular and super-circular orbits.

Many of these vehicle concepts are of the

lifting body type.

It is well known that re-e_)try vehicles, in

general, and lifting body types, in particular,
will be subjected to extremely high surface

temperatures for appreciable periods of time

during the re-entry tlight. Materials and

structures development lags behind the require-
ments in that the temperatures to be encounter-

ed exceed the capabilities of the present

structural materials. The designer must,

therefore, protect his structure from these

extreme temperature enviromnents.

Among the many methods of protection are

active cooling systems, insulation systems,

ablation systems, and re-radiation systems. In

February 1960, the Aeronautical Systems
Division of the U.S. Air Force awarded contract

AF 33-(616)-7050 to Aeronca Manufacturing

Corporation to establish the feasibility of the

re-radiation structural concept shown in figure
50-1. The results of this work are reported in
ASD-TR-61-706 Volume II.

In this concept, a foamed ceramic heat

shield material with high emittance character-
istics is used for the outer surface of the struc-

FOAMED CERAMIC_
-_ FIBROUS

INSULATION \')_ _ -- _ /'-OR HIGH
_ _ ,, EFFICIENCY

 UL T,O 
.o,o,NHONEYCOMB -_

RE'NFORG_BEJNT //_ \_ _,_ HONEYCOMB

HONEYCOMB _ y
BRAZED TO PANEL _ CORE

DOUBLER (OPTIONAL)
FOR WATER COOLING

FI(_URg 50-l.--Aeronca Tbermantic construction.

ture. A reinforcement honeycomb core is used

to break up the monolithic effect in the ceramic

body and to attach the ceramic to the structure.

The fibrous insulation provides the high-

efficiency insulative capacity for further protect-

tion of the load-bearing metallic structure.

The optional cooling manifolding can be used

for extremely high heat flux environments.
The emittance characteristics of the heat

shield play an important role in maintaining
low substructure temperatures. It is desired

that in excess of 98% of the incident heat to
this surface be re-radiated back into space

rather than allowed to penetrate into the

structure. Therefore, an integral part of the

materials development and the ceramic foam

499
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investigations was the raising of the emittance
characteristics to as high a level as possible.

The state-of-the-art of such ceramic develop-
ment work does not furnish sufficient data for

the radiation properties of the ceramic in the

temperature range realized during re-entry.
In addition, the then current equipment for

measuring emittanee ('haraeteristics was not

suitable for use with large <,omposite materials

and structures as was shown in tigure 50-1. In
order to obtain these data, it was, therefore,

necessary to design and construct a special

apparatus capable of measuring emit.tanee at

temperatures up to 3000 ° F.
Using the Stefan-Boltzmann law, we find

that the total hemispheri('al emittance may be

experimentally evaluated if the rate of emission,

at)solute temperature, and area of the test, sur-
face can be Ineasnred. [( is not diffi('ult to

measure the absolute tenti)er'atttre or t,he area

of the radiating surface. Ilowever. it is diffi-

cult to devise an apparatus capM)le of measur-

ing the absolute value of the rate of emission.

It is considerably easier to obtain comparative

readings of rates of emission.

Theoretically, a cavity having a small

opening emits blackbody radiation through its

opening when the inner surfaces of the cavity
are at uniform temperature. Such a blackbody
radiation source affords a standard of com-

parison against which the rate of emission of a
surface of unknown enfitt an('e may be measured.

With the comparison I)lackbodv denoted by

the subscript, b, and tile surface of the unknown

emittanee by the subscript u, the ratio of their

emissions is obtained from equation (1).

Because tile emissivity of a, t)]aekl)ody is unit.y,

this equation reduces to equation 2:

_= R_T 4A _ (2)

If the temperature and the areas of the un-

known surface and the blackbody surface are
made equal, equation (2) further reduces to

equation (3):

Ru

['n(h,v theso conditions, the method becomes

sb_q)ly (he (h'termirmtion of the ratio of lhe
rates of emission t1_ over R_.

()n ibis }msis. the lest apparatus was de-

signed to i,wasut'e the radiation intensity of a

sample and +'Olllt)are it with that of a blaekbo(tv
surfn(,c.

A Vcmq',l vi<,w of the complete apparatus is

short J) i, fi,,zure 50-2. The complete apparatus

consists of two groups of COlnponents. First,

the test flll'Iit,u'(, alia its accompanying temper-
ature (.onlroller; second, the total radiation

detector fin' conlparing the intensity of radia-

tion emilted I,y lhe test specimen with that

emitted t)v (h,, I)lackbody.

Figur(, ,5(1 :l gives two schematic views of

the It, st furnace, the origimd device A) and a

moditication (B). The test chamber is ('om-

l)le((qv surr,>unded by a ceramic muffle, llehind

which art, suitable heating elements. Bv this

arran_(,m(,nt, the interior of the funmce, lhe

test Saml)h'. and all other components in the

chamber can he brought to test temperature
and allo_v(,d to stat)ilize so that all elements in

the fttrllaC(, I'ea(!]_ the sanle temperature.

Sufficient b)sulation of suitable type is provided

to m inin_iz(, the heal losses through the furmice
walls,

"I'ho iesl furnace as seen in figure 50-3A and

5()--.3B consists of two areas. Tile upper pof

lion contains two sight tubes. One tube permits

measureme))( of the intensity of the blackbody
radiatiot_, the other allows measurement of tile

intensitv of rlMiat ion from the specimen surface.

The ut,co(>h,d sight tube tapers from the out-

side to the inside of tile furnace wall to prevent

ex(.essiv,, hoar loss and stray radiations from
the sides of the silzht tulle from entering the

radiatio)) d,'tc('lor. This sigl)t tube is located

in such _t )nanner as to allow viewing of tile

specinlen fa('e by the radiation detector. Under

the ('ondili(ms of tile specimen and furnace

interi(w l)(,in_ at tile same temperature, lit('

radiatiotl viewed at Ibis location is l)lacM)o(ly
radiation.

A wal(,I'-cooled sight tube is extended to lh('

sample surfa(.e lo permit l)leasuremenl of the

sample's radiation intensity exclusive of th(,

surrounding environment. The tul)e is water

cooled to prevent its becoming a source of

radiatiot) lind introducing extraneous energy
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into the reading of the radiation detector. The

lower end of this tube is approxinmtely _8 inch

above tile surface of the specimen to prevent
reflections and stray radiations from other

areas of the furnace cavity entering into the

tube. Such reflections and stray radiations

would cause an error in the reading through

this sight tube. 'Phe interior of the sight tube
was blackened to minimize reflections which

would cause erroneous ot)servations. It is

from this sight tut)e that we obtain the read-
ings of the endt.tance characteristics of the

sample, itself, for comparison with the black-

body readings previously taken.

The lower portion of the furnace contains

the specuuen mount. "rhis consists of a cooled

stainless-steel shaft. A l-im,h refractory spacer

was placed between the shaft and sample.
This spacer served to brina the test specimen

to the proper height. It also insulated the test.

specimen from the shaft, thus insuring tile

uniform temperature distril)ution within the

sl)ecinlen. The test sl)ecimen was rotated at

approxinlately 20 rpm to present a uniform

freshly heated surface to the sample sight: tube
for radiation measurements.

An additional feature was that slip rings
were mounted on the shaft of tl(e rotating

specimen mount. Witll this arrangement,

thermocouples coul(l t>e placed within the speci-
men, brought down through the hollow mount-

ing shaft, and, lhroug]_ lhe slip rings, commcted

to suital)le recording or controlling devices. In

practice, it was found that this was not required
for test work, as accurate temperature measure-

ments could be taken by sighting an optical

pyrometer through the blackbody sight tube.
The radiation detection instrument used

was a Minneapolis Honeywell radiation detector

with a calcite lens and a thermopile of ten

chromel-constantan thermocouples. The effec-

tive target diameter was 0.5-inch. The calcite

lens was used because of its ability to transmit

a wide frequency range necessary for measure-
ment of total radiation on the surface. Elec-

trical potentials generated by the radiation
detector were read on a precision potentiometer
accurate to 0.001 millivolt.

In order to establish the accuracy of this

system, calibration tests were made. /nconel
X was chosen for the standard on the basis

of the information published in NACA TN
4121 which deals with the emittance of Inconel

X at temperatures up to 2000 ° F. The test

specimens were prepared in the same maturer as

stated in the report. They were thoroughly

cleaned, polished, and then oxidized at 200¢) ° F

for 30 minutes. At 2000 ° F, an averge of the
calibration data indicated an emittance of 0.9 I.

This was within 8% of the published value of
0.93. The calibration was limited to a maxi-

mum of 2000 ° F, as this was the highest tem-
perature for which data were found.

The procedure used in testing was very

straight forward. With the sample in posi-

tion and rotating, the furnace was heated to

test temperature and allowed to stabilize so
that. all elements of the furnace chamber and

contents rr_ached the same temperature. Read-
ings were taken with the radiation detector

alternately through the blackbody and sample

sight tubes. These readings were millivolt
outputs of the radiation detector as read on a

potentiometer. Tile temperature was read

before and after each set of readings with an

optical p.w<,meter sighted through the black-

body sigh[_ tube. Since the potential developed

I)T the thermopile in the radiation detector

is proportiomd to tile intensity of the radiation

inciden! upoll it,, the emittance of the speci-
men mar t>e calculated from tbe ratio of the

pot e,tial developed by the radiation detector
viewing the specimen over that developed by

the detector viewing the blackbody.

The emittance characteristics of several

ceramics have been determined by tbis proce-
dure. Among these were compositions with

different coloring oxides in an attempt to raise

the ceramic's emittance to the highest possible

vMue. As shown in figure 50-4, the emittance

of the plain alumina and zirconia foams were
below that. which was desired t_) take full ad-

vantage of the radiation cooling during re-entry.

The alumina foam with a 15% addition of
80 20 nickel oxide-chrome oxide exhibited an

apprecial)h, increase over the plain alumina.

The al_mfim_ foam with a coating of oxidized

lncone] X powder possessed the highest emit-

tahoe. The test data ranged from 0.87 at

1600 ° F to 0.82 at 2600 ° F, which was well

above emittance of the plain alumina and also
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the alumina with the nickel oxide-chrome

oxide addition.

Some of the many advantages to a device
of this nature, are:

I. Separate blackbody and nonblackbody

units are noted required. The specimen

and furnace cavity serve as sources for

both data conditions by t_tking readings at

each of the two positions in the apparatus.

2. High test temperatures can be achieved

in the equipment as now used in our labora-

tory. Test temperatures up to 3000 ° F

can be achieved. The upper limit is

dictated only by the material capability
for the heating element and furnace

cavity.

3. Nonhomogeneous and composite speci-

mens can be tested. Coatings _trld base

material combinations can readily be
be tested. Both metals and nonmetals

can be used for the specimen. As seen in

figure 50-1, porous, composite, or lami-

m_r materials may be tested to determine

the total effect rather than trying to cal-
culate for the individual effect of each

component.

4. Large specimens can be tested. This is

a distinct advantage for porous, composite

or llonhonlogeneous specimens.

5. Extreme care and high precision of speci-

men manufacture is not required to achieve

a high degree of accuracy in the test

results. Also, extreme care and precision

in setup and alignment are not required.

6. Uniformity and equilibrium of test tem-

perature are easily achieved by use of

optical pyrometers and/or thermocouples

and can be easily verified.

7. The apparatus is simple, inexpensive,

easy to maintain and repair, and made

from readily obtainable materials. High'
precision of manufacture, hence high

costs, is not required to construct such

an apparatus.

092-146 0--63--33





51--EVALUATION OF THERMAL RADIATION

AT HIGH TEMPERATURES

BY S. KONOPKEN AND R. KLEMM

NORTH AMERICAN AVIATION, INCORPORATED, LOS ANGELES, CALIFORNIA

Because many materials change in radiation characteristics with increasing temperature,
it has become increasingly important to determine emittance values directly instead of by
the comparatively easier method of computing emittance v,dues from reflectance data.
This is particularly true if the material is partially transparent to radiation. A new apparatus
is being built to extend the capability for evaluating emittance from the currently available
1500° F to at least 4000 ° F. The tecimique being applied is to rotate specimens in a high-
temper'gure furnace which is also utilized "_s"t blackbody radiation source. The analytical
techniques used to establish speed of rotation, field of view, and other design problems arc
discussed.

A review of other radiation test equipment is also presented.

The two most important passive nleans t).v

which heat energy can be dissipated from air
vehieh' surfaces are convection and radiation.

Which of these two is more important depends,

of Cotlrse_ oi1 Inanv factors, Stle]l as geometry,

rale of air circulation, temperature, character-

istics of the surfaces across which heat transfer

ocettt's, and so forth. Whih, the importance of

radiative transfer is mfiversally reeogllized, his-

torically, serious consideration of this phenom-

enon in system design is relatively recent, At
North American Aviation, Incorporated (NAA),

for example, the study of radiative heat transfer

was given its first important impetus during
the design of the F-86 Sabrejet, in which it

was essential to analyze the radiative exchange

across a 1-foot gap between a 400 o F compressor

case and the fuselage. Since then, radiative

heat transfer has become an increasingly im-

portant factor in thermodynantie analysis for

air vehicular design.

Over the years, considerable progress has

occurred in the analysis and use of radiation

phenomena. Today, designers, research people,

and other investigators know that if, in addit ion

to the value of total r_tdiant, emission, the spe-

cific frequencies emit ted are known, a very use-

ful tool is available, not only for thermal control

purposes per se, but also for application to such

(liw, rse problem areas as air and space (letee-

tion, 1R eounternwasures, missile discrimina-

lion, space powerplants, re-entry structure, and

so forth, l{y the judicious seh, etion and modi-

ticatiol_ of materials, the dew, lopment of sur-

faces having predetermined spectral radiation
characteristics becomes feasible. The need to

utilize data on radiation phenomem_--in all of

its manifestations-generated the requirement
_t NAA to obtain the test apparatus to be

described.

TOTAL EMITTANCE VALUES

The first technique used for evaluating the
emittanee charaeteristies of materials at NAA

was a pyrometric teehuique in which a speeimtm

is healed in _t t emperature-eoI_trolled housing.

The emit tance, t, was cah,ulated by,

Where 7' values are apparent and real tempera-
tares as determined wilh a radiation pyronwter

and thermocouple, respectively. Emittanee
wtlues obtained by this simple means are often

quite close to true values, ltowever, there are

some complicating factors, including deteetor

response, temperature of the detector trod hous-

ing, mirror characteristics, and so forth. Ttw
treatment of this subject can become quite in-

volved. A general solution used in our htbora-
505
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tory was derived by Dobbins (ref. 1):

,= --r

Where r is the reflectance of the heating source

and To is the i,eniperalure of detector housing.

_¥}ien very at't_tll'ltte results are desired, it cor-
rection factor for mirror reflectivit.v and changes

in thermocouph' ('ohl junct ion lempcrat ures cll,n

also be applied (re[. 11.

In practice, the utilization of the pyrometric

technique is soniewhat cunlbersome and time-
consuming. For routine, day-to-day problems,

the piece of equipment shown in figure 51-1

was built. In this apparatus, the specimen is

attached to a movable rod and placed deep

inside a sufficiently long susceptor (the sus-

ceptor is graphite or coated tantalum, de-

pending upon whether tests are to be made in

an inert or an oxidizing atmosphere). In-

duction coils are spaced to avoid thermal

gradients within the cavity. A radiometer

is optically aligned to the susceptor axis in
such position that. the fieht of view is less than

the angular subtense of the specimen. With

the specimen deep in the cavity, the radiom-

eter indicates blackbody radiation (the top

line in figure 51-2). When the specimen is

moved towards the aperture, the indicated

radiation drops in value. The arrival of the

specimen at the aperture is signaled by an
abrupt change of slope in the trace. The ratio
of ordinates at the knee of the curve and black-

body radiation is a measure of the emittance

of the specimen. It. is possible with this

equipment to vary the angle of view up to

45 ° for evaluating the directional characteristics
of emittance.

FIGURE 51-l.--Sch('lilatio of emittance itpparatus.
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This apparatus has been used to test a wide

variety of materials at rather high tempera-

tures. Some representative data curves are

shown in figures 51-3, 51-4, and 51 5.

Runs arc nornmlly coinpleted in less than an

S-hour day. Both pieces of equipment pre-

viously described determine normal emittance.
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FIGURE 51-5.--Total normal emittance of A-316 steel.

For accurate system analysis, however, thermo-

dynamicists prefer hemispherical emittance.

For this purpose, the equipment shown in

figure 51-6 was built. This system works on

the "power loss" principle, in which hetni-

spherical emittance is a function of the relative

power required to keep a specimen and a

perfect emitter (of identical geometry) at a

given temperature. The North American

equipment uses strip specimens measuring

0.040 by _ by 18 inches. Voltage leads are

attached 4 inches from each end (3 inches front

each bus bar). Specimen temperature is

monitored by thermocouples. The chamber

walls are painted black and are kept at 40 ° F.

While the method is simple, a little patience

FIGURE 51-6.--Hemispherical emittancc apparatus.



508

and care is required for accurate results.

We find that it takes about one hour per data

point to get reliable results.

SPECTRAL EMITTANCE VALUES

The equipment used for spectral emittance

determinations at temperatures up to 1800 ° F,

is an adaptation of a Perkin-Elmer 13-U

spectrophotometer. In the original 13-U in-

strument, figure 51-7, radiant energy from a
Nernst glower is intercepted by a spherical

mirror. The optical path is such that the flux

is directed along two separate routes. Nomi-

nally, there is equal flux in the two beams.

For ordinary transmittance (or reflectance)
evaluations, a sample is placed in one of the

beams and the instrument automatically records

the relative flux in sample and reference beams.

For emittance tests, it is necessary to replace

the original source with two new sources:
(1) a heated specimen and (2) a blackbody

reference. Radiant energy from each new

source must then be directed to intercept

the original path at some convenient point,
so that the flux in the two beams can be com-

pared as before. Tile new optical arrange-

ment is shown in figure 51-8. The actual

equipment is shown in figure 51-9. Warm-up

time from room temperature to test temperature

is about 2 hours. A complete test run takes

6 to 8 hours. This lengthy time is caused

chiefly by the difficulty in balancing specimen

and blackbody temperatures. The spectral

range covered is 0.2 to 28ft. A Gier-type
reflectometer is also used with this equipment.

The optical arrangement is shown in figure
51-10.

The equipment just described was designed

and built to handle materials at temperatures

associated witi_ .'_'[aclt 3 flight conditions.

Today, the problems associated with re-entry

structures--winged vehicles entering the atmo-

sphere, being subjected to extremely higil heat-

ing rates--reaching temperatures of 3000 ° F,

4000 ° F, or even higher, must be considered.

One approach for such structures is to utilize
ablative materials (e.g., Mercury capsules).

Another approach, promising greater opera-

tional freedom to maneuver, is so-called "hot."

or "heat shielding" structure. Exemplifying

the "hot" or "heat shielding" structure con-

eept is figure 51-11, which shows a plausable
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Flavr_E 51 -7, -Schematic of Perkin-Elmer model 13-U
spectrophotometer.

wing leading edge consisting of hot-pressed

beryllium oxide segments, mounted on a sili-

conized graphite support. This model was
tested in a plasma tunnel under conditions

which kept the tip at 4000 ° F for nearly 30 min

(fig. 51 -12). To gain maximum design freedoln

in either the ablative or hot structure systeni,

it. is necessary to know the total radiation
ef[iciem:y of candidate materials at operating

temperatures. To gain maximun_ operational

efficiency, it appears desirable and possibly es-

sential to know also the spectral emittance and

absorptau,!e characteristics. Such data, for

example, may be used for calculating the radi-

ant exchange between re-entering leading sur-

faces and the gas cap and with other nearby

struct ares. If such spectral data were available,

it. is possible to believe that something can be

done to favorably alter the radiation charac-

teristics of applied materials by the use of
additives or other means. For these and other

purposes, NAA has undertaken the task of

(tesignit,g and building an emittance apparatus

capable of evaluating specimens at tempera-
lures at least to 4000 ° F.
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A schematic of the equipment being built is

shown in figure 51-13. The specimen is
mounted on a shaft an(l rotated in front of a

black-body cavity. Both specimen and ca_*ity

are heated in a Curtis-Wright heating chan_ber,

which is capable of over 5000 ° F operating

temperatures. A single optical system alter-

nately transfers specimen and reference radia-

tion to the spectrophotometer for processing,

as before. A single optical path is a highly-

(lesirable feature, since it avoids the problems
of matching the optical geometries _tnd reflect-

ances of optical components when two optical

paths are utilized. The arrangement shown,
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FW, I'rtE 51-(.t. -- Spectral emittance apparatus at Nortt_ Amorican Aviation Incorporated.

however, is the optical equivalent of a double-
beam system.

The complete design of this equipment is a

rather involved affair and is more completely

covered in reference 2. Just a few of its design

prob'.ems are discussed here. One problem is

that of eliminating stray radiation. This is

handled with cooled aperture stops and an inter-

nally placed radiation shield (fig. 51-13). The

radiation issuing from this shield is, of course, a

function of its temperatm'e. Design complexity

is minimized, however, if the shield is operated

at. the highest temperature compatible with

desired accuracy. For NAA purposes, the
worst case would involve a specimen of emit-

tance equal to 0.1 and heated to 4000 ° F; the
assumed shieht emittance is 1.0. A 1% toler-

ance was assigned for alh)wable shield radiation

in comparison to specimen radiation. Arranged

analytic ally,

where A is effective radiation area, _ is emit-

tance, 7" is absolute temperature, and subscripts

refer to shield and specimen, respectively. For

the system shown, the effective radiation areas

are ess('nlially the same. Solving for T2 shows
that (he shields can be operated at 715 ° F at

4000 ° t¢ test. temperatures. Lower test t.eln-

peratures require, of course lower shield

telnperatures.
An(>ther factor affecting the accuracy of re-

suits is specimen cooling during the time it is

exposed (,) the system aperture. The permissi-

ble reducti(m of temperature caused by this

"radiation leak" can be calculated, and this
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FIGURE 51-10.--Typical layout of reflectometcr and emissivity apparatu._.

information, in turn, can be used to establish

size and shape of the specimen and the rate of

shaft rotation. If it is assumed that the cooling

effect will be small, the emittance will be

essentially equal at actual and test temperature.

The apparent emittance, +A, however, will vary.

By utilizing the Stefan-Boltzmaun relation-

ship and setting cA/e-----0.99, an expression can

be set up by which means a value for allowable

cooling can be established:

(T--aT)4 0.99
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Fw, tm_. 51-11.--Prototype composite leading edge

structure.

FIC, UI_E 51-12.--ttot. structure plasma tunnel tests.

Representative wdues which trove been cal-

culated with this expression are:

T, ° F .......... 2000 3000 4000 5000
AT, o F ......... 7 9 11 13

The next step is to calculate specimen ex-

l)osure time with the help of an expression
found in reference 3,

±T
e--_l:___

T--To

e base, natural logarithms

t time of specimen exposure

z ratio of thermal capacity to thermal con-
ductance.

7' specimen temperature

To detector temperature

AT temperature tolerance

The wdues for z are derived from handbook

values and vary from 2 to 6 for specimens _-

inch square by 0.05-inch thick. Representative
values t bus caleulat ed are tabulated as follows :

T, ° F .......... 2000 3000 4000 5000
AT, ° F......... 7 9 11 13
Low z .......... 2 2 2 2

/,

_lllitR-e_tt)

iTOPllOd. ItLkY b"Y$1tlt

FIGURE 51-13.--Single path, double-beam

configuration.

High z ..... 6 6 6 6
Low t, see .... 0. 0073 0. 0062 0. 0056 0. 0053
High t, sec ..... 0. 0218 0. 0186 0. 0168 0. 0159

It can be seen lhat the smallest t is 0.0053 sec.

Chopper speed, aperture size, and radial dis-

tanee of the sl)eeimen from the chopper shaft
must })e _eh,cted to be <,ompatible with this

wdue. l".r example, in the NAA equipment,

the specimen occupies _5 of the area swept out

by a cholq)er l'otating at 19 cps. Tim specimen,

therefore, is exposed for 0.004 see., well below

the 0.()()5:{-sec. limiting value.

Tim detectors used in ttfis apparatus re<tuire

high sensitivit.v in the wavelengths of interest
and must have a fast response time (0.004 see).

For the inten(led application, the performance

of tllerJ,_t)COul)les appeared marginal. Pneu-

matic cell-type detectors are suitable concern-

ing wav(,lel)gt}) range, but cells with sufficiently

fast z'esponse time are relatively expensive.
The NAA decision was to use two detectors; a

l)h<)lotul_, in visible regions and a bolometer

for h)ngm" wavelengths. This, of course, re-

quired _t hal(l-run interruption while detectors

are changed. ()ptical components required are

(lisl)ersil_ _ elements, windows, and focusing

devices. For dispersing elements, our system
utilizes two prisms, a fused quartz prism for

use with the phototube, and a caMum fluoride
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prism for use with the bolometer. Windows are

of potassium bromide and at)pear to lmve su_-
(,iently high transmittance over ll]ost, of the

wavehmgtlt region of interest. (0.35 to 15 p).

For focusing devices, alumimm_-eoat.ed mirrors

are used throughout.

The operatio,ud results obtained with this

e<luipmenl were expected to be avaihtble at the

time this report was presented. I)elays in the
procurement of some equipment items, how-

ever, require postponement of this informalion

Such data will be awdlable through the l_os

Angeles Division's Teeh,fieal Data ,Section in
the near future.

CONCLUDING REMARKS

The design, construction and use of high=

temperature spectral emittanee apparatus are

relatively recent develo[)ments. Prelimim_ry
results and data aPl)earin / froru various labora-

tories often show significantly different values

for ostensit)ly identical materials. Examina-

t,ion of the methods and equipment indicate

that the basic techniques being utilized are

essentially the same. It seems that [he estab-

lishment of a working group (evolved, perhaps,

from this symposium) could do much to ideutifv

the cause of and resolve discrepancies in data.
The result.s achieved thus far in the utiliza-

tion of spectral emit tanee data for the (tesi/,i of

and application to aerospace syslems is very

encouraging. In our view, developments such

,_s antidetection coatings for military air ve-

hicles low-absorpta,lee-high-emitlatwe coatin,,..'s

for spa(,e radiators, and other spe<qrally tailored

coatings are highly dependenl or, the availa-

I)iliiv of such data. Even greater i)robhm,s lie

in ful.ure efforts. These l)roble,ns will I)e chal-

lenging, and their solutions will I)e limited o,dv

by the availat)ility of suital)le t,esl equipme,,l

and 1)3- the human capabilil,y to apply ot)tai,wd
dala it,at,imaginative manner.
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52--INVESTIGATION OF SHALLOW REFER-

ENCE CAVITIES FOR HIGH-TEMPERA-

TURE EMITTANCE MEASUREMENTS

BY DWIGHT G. MOORE

NATIONAL BUREAU OF STANDARDS, WASHINGTON, D.C.

Total normal emittance measurements were made on small specimens with shallow
reference holes of circular cross section. The ratio of the radiant flux density from the
surface to the tlux density from the hole was measured and this value then converted to
emittance by a theoretical expression based on hole dimensions. The expression applies
only to diffusely reflecting materials.

Mea.surements were madc on four different diffusely rcflecting materials. Specimens of
oxidized nickel that had reference holes with depth-to-radius ratios of 1.7 to 3.7 gave corrected
total normal cmittarlce values "_t 1350 ° K in the range 0.85 to 0.87. The emittance of
oxidized Inconel, when determined for a specimen with a reference hole having a depth-to-
radius ratio of 1.7, w,,s found to be in good agreement with values obtai_md by a heated
strip m(_thod. The emittance measurements on four sintered alumina specimet}s varied
from 0.43 to 0.47 when measured in air at 1375 ° K.

The determined emittance for a polished specimen of high-purity graphite with a shallow
reference hole incre_ed with temperature linearly from 0.59 at 1100 ° K to 0.74 at 2150 ° K.
These values were in good agreement with those reported for polished graphite when measured
by the rotating specimen method.

lmrge errors in emittance measurements may

arise when a supposed temperature equality
between the specimen surface and the reference-

blackbody is not closely approximated. At

moderate temperatures close equivalence can be

achieved through proper use of differential

thermocouples. At temperatures above 1800 °

K, however, thermocouples are not always

reliable, and some other method is needed to

maintain the necessary temperature balance.

Several investigators (ref. l, 2, and 3) have
incorporated a reference blackbody cavity into

either a tubular or spiral-wound specimen in

such a way as to insure that the cavity walls

and test surface are at the same temperature

when the specimen is heated, usually by internal

resistance. This approach is satisfactory for
metals than can be fabricated as thin sheets or

foils; however, it is obviously unsuited for the

brittle nonmetals such as carbides, nitrides and

oxides. For materials of this type Blair (ref. 4)

and Reithof and coworkers (ref. 5) have used a

method in which small cylindrical specimens

with deep circular reference cavities were heated

to high temperatures by high-frequency in-
duction. The ratio of the radiant-flux density
from the surface to that from the reference hole

was then taken as the emittance of the specimen.

This deep-hole method when properly used

may be suitable for metals and for some of the
intermetallics, but for materials of low thermal

conductivity, such as most nonmetals, a sizeable

temperature difference between the hole bottom

and the specimen surface is often difficult to
avoid. Under most conditions of heating, the

magnitude of the difference will increase with

hole depth; therefore, if the hole is made shal-

low, the temperature difference between the hole
bottom and test surface will be reduced. While

a shallow hole will have an emittance appre-

ciably less than that of a blackbody, it is

nevertheless possible to compute its emittance

515
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from theoretically derived expressions. Further,

if the specimen material is a diffuse reflector, as

are most nonmetals, it has been shown by

Gouff6 (ref. 6) that under conditions of temper-

ature equilibrium the specimen emittance can
be computed from the following expression:

E(I + R--Ro)--R
_= 1--R +E(R--Ro) (1)

where:

emittance of specimen

E ratio of radiant flux density from the sur-

face to the flux density from the hole
1

R 2(l+h/r) for a cylindrical cavity and

1

1 + (h/r) _
R0

where:

h hole depth and r--hole radius.

The purpose of the present investigation'

which is still in progress, is first to test the va-

lidity of equation (1) for several diffusely reflect-

ing specimens with simllow reference cavities,
and second, in the event, that an experimental

confirmation is achieved, to measure the total

normal emittance of a number of refractory

nonmetals by the shallow-hole approach at

temperatures as high as 3000 ° K.

The present paper is a progress report of tile

investigation. It describes equipment and test

procedures, discusses measurement errors tha.t
have been encountered and gives the results of

preliminary measurements on several different

materials. Although additional work is needed,

these preliminary results indicate that the

shallow-hole approach has considerable promise
as a method for the measurement of tile emit-

lance of nonnletals.

The author gratefully acknowledges the assist-
ance of Alfred W. Crigler of the NBS staff,

who not only constructed much of the equip-

ment hut also made many of tile measurements.

The investigation is being conducted for the

NASA MarsltaU Space Flight Center, under
Contract H-22727.

EQUIPMENT

Figure 52-1 is a schematic drawing and

figure 52-2 is a photograph of the furnace

equipment which is similar in many respects

E
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MEASUREMENTS
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ION PUMP HIGH-TEMPERATURE TYPE
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FIavam 52-1.--Schematic of furnace.

to thai .sed hy Blair (ref. 4). Two types of
specimml are used as indicated in figure 52-3.

Susccptors for type 1 specimens have been

prepared of platinum, iridium, tungsten, and

graphite.

The induced field for heating is supp!ied by
a 10-kw. 30-m(,, radio frequency generator with

a. controlled power output.. A water-cooled

field concentrator with a longitudinal slot

concentrates the energy from the field into

the volume occupied by the specimen. 'rile

concentrator is fabricated of copper and has

a bright plating of silver.

The bell jar consists of a Pyrex glass pip(,

cap wi|h I)olh ends ground and polished. A

_-in.-diameter hole at the top permits viewing

of tile specimen through a sodium chloride
window.

The vacuum system consists of mechanical

pump, oil diffusion pump, and liquid-nitrogen

('old trap. A needle valve above the cold trap

permits argon to be let into the system, A

titanium wire filament is positioned inside the

bell jar below the concentrator to purify the
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FIC,URE 52-2.--Photograph of equipment.

argon. This filament is heated to a hright red

heat both before and during test, by an auxiliary
power supply.

The flip mirror n,ounted at the top of the [)ell

jar permits the specimen texnperature to be

measured with a micro optical pyron_eter.
The pyrometer was calibrated })y the Tenlpera-

ture Physics Laboratory of the National Bureau

of Standards with both the window and flip

tnirror in the optical patll. "l'}le brightness

temperature of the test surface was measured
at the start and finish of each era|trance deter-

ruination and this temperature was converted

to "true" ten_perature through use of _0.Bswdues
given in the literature. T[lis meant that the

specimen temperature was not known with high

accuracy; however, because of the relatively

minor effect: of temperature on thermal en_it
t arlce, the error from this source was small.

.ks shown in figure 52-4 radiant energy front

the specimen is directed by a 45 ° mirror (90 °

fold in fig. 52-4) through a 13-cps chopper,

after which it is collected by a 5-in.-diameter

spherical nlirror and brought to a focus on a

thermocouplc detector. The path length fronl

the specimen to the mirror is fixed so as to give
an |triage that is twice t,he size of the specimen.

The detector, which is a commercial vacuun_-

thermocouple type, is nlounted on a base plate

that can be moved either vertically or hori-

zontally by means of micronleter screws. These

screws permit the det_ector to be centered at

an)" point on the image within 0.1 ram. A
small sheet of platinum foil with 0.5-toni-
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SPECIMEN

ELECTRICAL INSULATOR)

i::.. -i -I/A- (Pt.w.i.. o. _.oph_t.)

lx q _SUPPO,T BOO

__ _ (w.Ir.o.A,. O.,

-REFERENCE HOLE

///" ",Y'2cL.o,o.,

. ___SUPPORT ROD

{W t Ir, or AI;_ 0 3 )

TYPE Z
SPECIMEN.

TYPE ]I
SPEC IMEN.

FIGtYRI_ 52-3.--Two types of specimens.

AMPLIFIER RECORDER

THERMOCOUPLE DETECTOR

MOUNTED ON VERNIER FOR SCANNING

MAGNIFIED IMAGE (2X) OF SPECIMEN

FLAT MIRROR ___

HEATED dl

SPECIMEN _o -_.i _13 cps ....
(MOUNTED BENEATH m_90 FOLD CHOPPER
OPTICAL BENCH) 5" SPHERIC4L

MIRROR - fy5.7
(6 _- 42' OFF

AXIS)

FIC.I_RE 52-4.--Schematic diagram of optics and radiation detection system.

diameter ceater hole is placed over the front

of the detector to serve as a limiting aperture

Because of the 2:l magnification, this _leans

that the detector sees an area of the specimeu

that is only 0.25 mm in diameter

The equipment for amplifying the detector

signal was obtained commercially, as was the

electronic high-speed potentiometer. Theline-

arity of response from the detector-amplifier

systcn_ was tested by placing high-speed sector-
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disk attenuators in the beam near the chopper.
The attenuator blades reduced the radiant flux

reaching the detector by 25, 50, 75, 87.5, and

95%. Tile response was found to be linear
within the limit of error of the measurements.

The optics were aligned visually with a
heated specimen as a radiation source. To

obtain a satisfactorily uniform detector response

from the image of the specimen, it was found

that the optical elements had to be accurately

aligned so that tile radiant flux filled the spheri-

cal mirror symmetrically. V_-hen this was done,

the response from a grit-blasted platimlm

specimen was found to be uniform to :t: l°'/o

over a center area of the image which was :_ mm
in diameter, and to =t=3% over an image area
7-ram diameter.

PREPARATION OF TEST SPECIMENS

Type II specimens (fig. 52-3) were prepared

by standard machining practices. The ceramic
oxide specimens (type I) were formed by grind-

ing bar specimens into 4.7-mm diameter cylin-

drical rods on a diamond grinder. These rods

were then cut into sections about 3.5 mm long

and each section was then ground and polished

with No. 14 diamond powder (average particle

diameter 14 t_) to give a length of 3.20:t:0.02

ram. Epoxy resin was then bonded to the face

surface and a center hole, approximately 0.5-ram

diameter, was formed at the center point with
an ultrasonic drill with the No. 14 diamond

powder as the cutting medium. The epoxy
resin was found to be necessary in order to

prevent chipping back of the material from the

hole edge. The remaining resin was removed

prior to testing by heating the specimen to about
200 ° C which destroyed the bond between the

resin and the specimen. Hole dimensions were

measured with a microscope. (:are was taken
with both metals and nonmetals to insure that
the bottoms of the holes were flat.

Each specimen was clelmed ultrasonically in

benzene prior to testing. In all tests the top of

the type I specimens was flush with the top

of tile susceptor; also, both types of specimen

were positioned so as to be flush with the top
surface of the field concentrator.

TEST PROCEDURE

In making a test, the specimen was first
centered in the field concentrator and the

desired atmosphere achieved. The specimen

was then heated to the test temperature as

determined with the optical pyrometer sighted

on the specimen surface. Once thermal equilib-

rium was established this temperature was
found to remain constant to within about 4 ° K.

No temperature gradients over the 2-ram-
diameter test area of the surface were detected

with the micro optical pyrometer for any of

the specimens tested. Temperature differences
as small as 2 ° K could be detected with the

pyrometer.

Prior to making relative flux measurements,

the specimen image was scanned with the

detector to determine the position of the refer-

ence hole. The detector was then positioned

over the center of the hole image and the

amplifier gain adjusted to give a high reading
on the recorder. The detector was next moved

to several positions centered on a circle of

1.5-ram radius around the image of the hole

center, a reading being obtained at each posi-
tion. The number of readings varied with

specimen uniformity. For most of the porous

specimens, eight to twelve readings were

required to obtain an average with a satisfac-

torily low standard deviation, while for polished

nonporous specimens, four readings were usually
sutiicient.

Figure 52-5 is typical of the readings obtained

from the two types of specimen. For both

types, the ratio, E, in equation (1) was obtained

by dividing the average reading from the

surface by the reading from the hole center.

RESULTS

Oxidized Nickel in Air

Two type II specimens were prepared of

high-purity nickel, each of which contained
five 1.25-mm-diameter holes of different depths.

Four of the holes were equally spaced on a

4-ram-diameter center line; the fifth was
drilled at the center. After oxidation for

1 hour at 1400 ° K, measurements were made at.

1350 ° K, in air without a sodium chloride

window. The purpose of the test was to deter-

mine the effect of hole depth on the emittance

of a specimen as computed from the flux ratios

by the Gouff6 expression; the purpose was not

to measure the emittance of a well characterized

specimen of oxidized nickel.

692-146 0--63--34
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SINTERED OXIDIZED

ALUMINA INCONEL

I'Ie, URE 52-5.---Relative flux density measurements on a porous s[_,cim[q_ (sintered alumina, h/r= 1.5) and on a
nouporous specim(n (oxidized Inconel, h/r= 1.7). Cct*t(_r tirol, rel)rcsents edge of reference hole.

Table 52-1 lists the results. Agreement

between specimens is good; also the emittances

as computed from equation (1)front holes with

depth-to-radius ratios of 1.7 to 3.7 all fall within

the range 0.86±0.01. The enlittances com-

puted from the two most shallow holes (h/r of

0.9 and 0.6) are significantly lower. This indi-

cates that equation (1) is not valid at h/r ratios

below 1.0.

Oxidized inconei in Air

One type II [nconel specimen was prepared

in which a single hole, 0.576 mm diameter by

0.486 mm deep, was drilled at the center of the

face surface. The specimen was mechanically

polished, etched and then oxidized by proce-

dures that were given in detail in a recent report

by O'Sullivan and Wade (ref. 7). .The radiant

flux density from the surface and from the hole

was measured at three temperatures and the

resulting flux ratios converted to total normal

emittance by equation (1). No viewing window

was used.

Table 52-II compares the results with those

obtained by O'Sullivan and Wade. Agreement

is good except for a somewhat lower tempera-

TAmA'; 52-I.---Total Normal Emittance o]

Oxidized Nickel at 1350 ° K

(It()le diameter = 125 mm)

Sl)ee. ! Hole

No. ! No.

N-l_ _! I

2

3

4

i' 5
N- 2__i z

_ 2

3

4

5

IIole

Depth, h/r •

mm __

0.54 0.9

1.13 I 1.8
1.77 2.8

2.16 3.5

2.32 3.7

.40 .6

1.06 I. 7

1.71 2.7

2.32 3.7

2.25 3.6

I

Eb .__

O, 913 ]

• 895

• 872

. 874

• 862

• 923

• 897

• 887

• 862

.86_

_tn e

0.81
• 86

86

• 86

• 85

• 76

. 87

.87

85

86

l)ept h-to-radius ratio.

_' l_.;_ti_) of r tdi:mt flux from surface adjacent to reference hole to the

fll.lX frolll lhe hole.

¢ _t_ totM uormal emittance, computed from equation (1).

turf coetticient for the measurements with the

shallow-hole method.

High-Purity Graphite in Vacuum

A s,)all block of graphite was machined into

several type [I specimens. Principal impurities
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TAtlLE 52-II.--Total Normal Ernittauce of
Oxidized lnconel

TemDer_ture Total Normal Eraittance

°K l °F

lo3-U1-:o-J
114411600 I

1255 1800 1

O'Sullivan NBS Shal-
and Wade • low IIole b

o. 78 o. 79
.80 .80
• 82 . 81

• From ref. 7.

b Depth-to-radius ratio of reference hole, [.7.

in the material were, in ppm, 100-200 calcium,
< 100 titanium, < 100 iron and < 100 vana-

dium. The porosity was approximately 25

percent.
The results of measurements made with a

highly polished specimen with a depth-to-
radius ratio of 2.8 are plotted in figure 52-6.
The measurements were made in a vacuum of

5X10-rmm of Hg. As shown in the figure,

the values for the polished graphite with filled

pores are in good agreement with those reported
by Plunkett and Kingery (ref. 8) for a polished

colnmercial-grade graphite as measured by the

rotating cylinder method.

The polishett graphite used by Plunkett and

Kingery contained a small ml,nber of pits,

caused probably by open pores at the surface.

()pet, pores of this type were filled for the pres-
ent measurements by first polishing with 3/0

paper that had been wetted with carbon

tetrachloride and then heating the specimen in
vacuum to 2350 ° K for 15 rain to consolidate

the graphite that had entered the pores during

the polishing operation. Alttmugh tile walls

of the reference hole were polished, tile polish

was not equal to that of the specimen surface.
The sizeable increase in emittance caused by

presenc, e of a large number of open pores is
illustrated in figure 52-6. The specimen used for

this test had a depth-to-radius ratio of 2.5. It

was dry polished with 3/0 paper and then

cleaned .ultrasonically to remove the graphite

that had entered the pores during polishing.

Sintered Alumina in Air

Type I specimens of alumina were prepared

from bars fabricated from ,09.9+ alumina that

had been cold-pressed and then heat treated at

2075 ° K to give a porosity of 15.6% (Code 15

tal

(.9

Z

I--

b-

tM

o
Z

--I

0

1.00

GRAPHITE

IN VACUUM

.90 --

•80

PLUNKETT • KINGERV

{POLISHED- A FEW _/_

SURFACE PITS ) --_ _

.70 __AX -

s_ _ HIGH POLISH-

60 -_

r

_ __A I k__J
IO00 1400 tSO0 2200

TEMPERATURE- °K

Fic.URE 52-6.--Total normal emittance of graphite.

in ref. 9). Tests were made in air in a platinum

susceptor at temperatures in the range 1200-
1600 ° K.

The results at a single temperature (1375 ° K)

for the four specimens tested are listed in table
52-III. The wtriation between specimens is

fairly high. This could be caused by real
differences in emittam'es.

A specimep of commercially sintered alumimt
was also tested. This material when examined

with a microscope appeared to have a glass

phase with corundum crystals in the matrix.
There were very few open pores. Figure 52-7

shows the emittance-temperature curves for

the two types of alumina.

MEASUREMENT ERRORS

Precision of Measurement

Repeated determinations on the same speci-
men with a fixed hole depth at a single tempera-

ture showed that the precision of measurement
was within d=0.005 emittance unit. This was

true even when specimens were removed from

the equipment and then repositioned in the
field concentrator in a different radial orienta-

tion. The same measurement precision was

observed for type I and type II specimens.
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FmCRE 52-7.--Total normM emittanee of two sintered
alumina specimens.

'Fable 52-III is a report of some typical data.

TABLE 52--I 1 I.-- Total Normal £'mittance of ttigh-

Purity Alumi_a Specirne_s at 1375 ° K.

tlole Hole I

Spec. No. diam., depth, ] hfr • E_, ,+,_ _

mm I mm !

A-1 .... 0. 580 0. 433 j 1. 5 575
I

A-2 ..... 562 .510 i I 8 580 .47

A-3 .... 550 .530 J 1.9 553 .45
A-4 .... 554 . 544 2. 0 I 5,36 .43

I

...... ]----'I 0.445

Aver- i
/

age_ / ..... , ........ .... ......
]

J

:' Depth-to-radius ratio.

h Ratio uf radiant flux from surface adjacent to hole to flux from hole.

¢ Total normal emittanee as compme,I from equation (l).

Back Reflection from Bell Jar

Early in th¢' testing a thin layer of aluminum

was vapor (h'positett on the inside top of the bt,ll

jar to serve t_s +_ radiation shieht and thereby

reduce t hi, temperature that the window O-rings

wouht attain tluring testing. Although no ap-

preciable error from this source was anticipale(I,
recent tests in which measurements were math,

in air both with and without the bell jar indi-

cated tim! hn('k reflections from the top of the

bell j_r ,,+_us,,d the emittanees as herein reported

to t)e high by about 3°-_. Future m(,ttsure-

menls will I),' made without this reflecting film

Error from Vlewin8 Window

Wh(,,_ a sodium ('hloride window is used in

t4nittnm'o t,quipmtmt, about 10070 of the radiant
flux ,'ea('hi_L;S lhe window is reflected back to-

ward iho so, tree. If the window is parallel with

tht' _p(,cimo,t surface, this ba('k refl(,('tetl en('rg3
will roi.fl'ol'('e tit(' thlx from the surface to a

greai('r ,'xl,'itl thalt it will that from the refer-
mice c.vily whir'h, in turn, will cause the

(4nitt.+tnc( _ r(+a(tings to t)e high. Tilting of t}w

win,tow :it a small angle to the spe('imt4, SUl'fat'O

.<}muld hnxe I)reventt,(t this window re'rot in the

present (h,sigtt. However, it wus found late in
the tt,st}l_g t}mt the emittance was from 10 to

2(1% hi_her with either a flat or tilted window

in the b_,:m_ than when no window was present.
Nun>r,ms tests have indicated that some of the

,,ne,'gy Ilu,t i._ back reflected from the viewing
will(low _.vcnt uallv reaches tile detector because

of multiple v(,lh,(.tions within the t)ell jar. This

has n('('.ssit ute(t a rt'design of the furnace t'ham-

l)(,t' wit I_ u radiation trap oontaining an aperture
imm,,dial,,lv below the window. The (b_ta for

grapld(, it_ v,wuum, as shown in figure 52-_k

how,,v.c w(,ro obtained before the &,sigll was

('}tat_g,'(I. The data for oxidized nickel, oxidized

hwol.,1, .,.t sinteretl alumina weft, obtained

with no window in tim system; hence, the tbtta
for t l,('s(, materials are free of' window erroc.

CONCLUDING REMARKS

The (;o_flt'_ ext)ression is t)ased on two ntttin

asstmtptiot_s: /irst, thttt the specimen is a per-

ft't'tly dill'use reflector and, second, flint no

ietlll_t,l'+tllifo dilf't, rt,nc't's exist between holt, alld
su,'t'a(','. N.,ither of th,,s(, conditions <'an b,,

at.bit,rod in :treM spectral, n, t+lll t}wv vnn }n'

appl'O:t(+hv({. It follows tlmt errors will ,tlw,ys

_)e l)l'('s,('l_l ill ]nettSlll'elneltt.q llllt.({_' bv tilt,

slutllow-tu)l(, method based on tit(, (]ouff6 oqua-

tit)t+. 77,. n+oasurenwltlS completed up to tit(.

pl'O':,(qIt tilllo suggest tlmt these t'rt'ors will Dot

t}(' (.x+.E,ssix. for oxidize(t metals. They also

suggest timt the Gouff6 expression is valid to

wilhbl a f.,w per('ent if (a) the specimens art,

ttifflls('lv r+'fleeting and of relatively high ther-

rind <.ondu,'tivity, and (b) the reference hole
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has a (h,pth-to-radius ratio in the range of
about 1.5 to 3.7.

The good agreement obtained between meas-
urements on sinaihtrly pr(,pare([ oxidized Inconel

made by lhe shallow-hole npI)ronch and lhose

ma(tc by ()'Sulliwm and Wade, who used the

heated strip method, can be considered as a
confirmation of the Gouff_ expression. The

ngreemem observed for graphite with the rotat-

ing (3qin(ter mensuremm_ts of l'hmkett and
Kingery, however, may be mostly fortuitous,

not only because of (lifferen('es in the two graph-

ires, but also because of the window error.

Although this same _ype of error may have been

pr(,sent from the calcium fluoride win(tow used
in the rotating eylin(ler measurements of

t)lunkett and KingcI'y, it seems safe to assume

that its magnitude wouhl lmve been smaller

becnuse of their use of a t)laekened, waler-

cooled viewing port.
It is t)elieved that the shallow-hole metliod

wouhl fin(I its greatest usefulness in measuring

the emittance of polycr.vstalline ceramics.

Because of the low thermal conductivity of

such mnterials, sizeable temperalure (lifferenees

between hole and surface wouhl be expected if

deep reference cavities were used. In the case

of the alumina specimens, holes approximately

0.5-ram diameter by 0.5 mm deep were em-

ployed as reference cavities. Whih' only small

temperature differen('cs shouht be pres(,nt t)c-

twcen hoh,s of this type and the sp(,('imen sur-

face, these differences cannot, a priori, be

assumed to he negligible. Before lit(' a('cura('y

of the shallow-hole method can be aceepte(l,

these differences need to be inw,stigat(,(I. Pos-

sible approaches include (a) theoretical heat-

transfer calculations, (b) temperature measure-

ments made with mierosize t hermocouples, and

(c) (.omparison of the emittance of an oxi(le

material as determined by the slmllow-hole
metho(l with the emittanee of the same mate-

rial (letermined hy the rotating specimen

metho(l. Because of tim importance of tem-
perature equivalence between hole and surface

to the reliability of the measurements, it may

be necessary to use all three of these npproaehes.

Until this is done, the results reported for

sintere(t alumina shouht be considered as pre-

liminary and, bent'e, of questionable a('(qlra('y.

APPENDIX--DERIVATION OF GOUFFI] EXPRESSION FOR COMPUTING

EMITTANCE

The original artMe by (;outl'6_ appeared in

Revue d'()pti<tue in 1945. Because it was
written in French and also because volumes of

tiffs journal may not be readily available,"

Gouff(Vs derivation of Equation (1) is given in
detail.

CORRECTION FOR EMITTANCE OF A CAVITY

Consider an enclosure of any form (fig. 52-8)

at uniform temperature in whose wall is bored
an opening of area s, small relative to the total

surface area S (opening included) of the wall.

This chamber very roughly (.onsl.itutes a black-
body, whose emittanee is, however, not strictly

equal to unity.

If o denotes the factor of diffused reflection
of the material of whichthe chamber is formed,

and _, the solid angle in which the radiation

of the blackbody is emitted to the outside,

the general formula that is often used' to express

i

FIC, URE 52-8.--Blackbody enclosure.

the effective eluittance, %, of such a radiator

is (ref. 10):
12

%=1 --p-- (la)
7r

This equation has been derived l)y supposing
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that a unit incident tlux, penetrating into the

blackbody through the opet_in_ ,s', is diffusely

reflected by the portion of the wall opposite

this opening according to Lambert's l,aw and

supposing that only the fractioti p(_/r) of this

flux goes out again from the chamber diffused
into the solid angle f_ in whieh the cavity eun

radiate. ()ne assumes that the portion of
incident flux diffusely reflected toward the

wall of the chamber is completely absorbed

I)v the latter, which is manifestly inexact,

since this wall reflects it diffusely in turn in
all directions, particularly toward the opening.

The emerging flux therefore must I)e appreciat)ly

larger than _(fUr).
In order to obtain its exact value, it is

necessary to t.ake into account the multiple

diffuse reflections which are produced in the
interior of the chamt)er.

If we consider an element dS of the internal

wall of the radiator, the total flux which it
emits includes:

1. the flux dF due to its own radiation.

2. the flux pd4, diffusely reflected by the

element and proceeding from the flux d_

emitted by the other parts of the internal

surface of the blackbody and incident on
dS.

Since the element dS can be compared in

rough approximation to a perfect blackbody of
uniform radiance as defined, the total flux

which it emits is proportional to its area dS.

As the flux, dF, due to the natural radiation of

the element is also proportional to dS, the result

is that the flux de is in turn proportional to dS.

This means that after multiple reflections in the
interior of the chamber, the emitted flux

distributes itself uniformly over the internal

surface of the radiator and, for present purposes,
it will be assumed that this uniform distribution

of emitted flux is brought about as early as the
second reflection.

Now return again to the case of a unit

incident flux penetrating into the blackbody

through the opening, s, and consider the
fraction of that flux which after an infinite

number of diffuse refleetions, will be absorbed

by the wall. This fraction will be equal to the

sought-for emittanee of the cavity.

The fraction of the ittcx leaving through the

opening, s, after the first reflection has the

value o((.),/r), _ just as we have already shown at
the beginning, and there is left in the chamber,

a flux, 1--p(.q/_r), which undergoes a second

rellection after that; conforming to the above-
mentioned hypothesis we assume that it is
uniformly dislributed.

LTndcr those conditions, the fraction of the

tlux tu'icc reflected which leaves through s will
have for its value:

p2(1-t._/r).,./S and there will remain in the

interior a_'(1-a/r)(1--s/S) which will be re-

fleeted ag_tin.

The I'raction of flux reflected 3 times leaving

t.hro(qzh ihe opening will be:

and

will rem_fn.

On the whole, a total flux:

0 _4- P_ (1--_) S El+ o (1--S)+O2 (l--s) 2

02 1--

(,)1-0 1-N

will be leaving through the opening _'.
The total emittance of the cavity is then:

e,_l --O

(1-o) l--1+p \_-_/j

But, 1--o is the emittance, _, of the material

which constitutes the wall (supposedly opaque)

()f the cavity, hence:

s 12

_ This assumes that the material constituting the

chamber is a perfectly diffuse reflector, and that. 12 is

a small fraet.ion of _'.
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This expression of total emittance of the

cavity, although more complex than that which

provided equation (la), is much more satisfac-

tory because it includes factors for the shape of

the chamber in the form of the ratio s/S in

addition to the aperture, f_, of the radiator and

its natural emittance, _.

In the general case of a chamber, of any

shape, equation (2) can be written in the form 2

So representing the surface of a sphere of the

same depth as the cavity in the direction normal

to the opening, s.

In equation (3), %=emittance of cavity,
_---emittance of material, s/S=ratio of area of

Equation (3) is a combined form of Gouffd's

equations (2b) and (4).

opening to area of cavity (opening included)=

1/2(1d-h/r) for a cylindrical cavity of depth, h,

and radius, r, and s/So=l/ld-(h/r)2=f_/_r for

(r/h)_O.

Equation for the Emittance of a Material

If E is the ratio of the flux density from the

surface to that from the bottom of the hole,

is the emittance of the specimen, and _0 is the

emittance of the hole, then

_----E_o, or when equation (3) is substituted for _0,

(
- (4) _

1--_E(_--_00)

and, if s/S=R and s/So=Ro as in equation (1)

in the main body of the report, then

E(1 + R--Ro)--R
_=I--R-t- E(R-- Ro)

s Gouffd equation (5).
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DISCUSSION

SKLAREW, The Marquardt Corp.: ttave you deter-

mined the effect of the hole shape on the accuracy of

they system?

MooRE: No we haven't. We decided to use a

cylindricM hole because holes of this type can be drilled

into a ceramic specimen fairly easily with a Cavitron.

Also, if we are using metal or some of the non-metals

we can drill holes of this type with an ordinary drill.

The expression can also be used for holes with .'t conical

bottom, .although we haven't tried them. I think you

would have more difficulty in forming such holes.

The holes that we use are very sm'dl; they are only

,_ mm in dianieter.

SCHATZ, American Machine and Foundry: What

would be the calculated emittance of the shallow black-

body cavities having different depth-to-radius ratios,

such as 1.5, and 1.8.
.MooRE: If a nmterial is a diffuse reflector the _,ffi-

eiency can be computed. You have to assume an

emittanee of your specimen material in order to calcu-

late the cmit.tance of the cavity. I don't know that

we have ever done that on a cavity with 'l depth-to-

radius ratio of 1.5. In the case of alumina specimen,

I think the emittance of the cavity would be about 0.8.

S('_IATZ: Isn't that far from what it should I)e?

NIooRE: In this nmthod we know that we are not

looking at "1 blackbody cavity, but if the theory is

correct, and we think it is, and if we have "_ diffuse

reflector, it. all tmlances out in the Gouff6 expression.

The nice part of using this expression is that you (to

not have to know the emittance of the specimen

material. The shalh)w hole method is based on t h,,

use of a reference hole of fixed geometry; the emittance

of this hole need not be known.

SCHATZ: 1%In Ilot sure I underst'md. Assuming the

Gouff6 expression for a blackbody with the depth-to-

radius ratio of 1.5, would you h._ve a cavity with "m

enfittance approximating 1.07

MooaE: No, the blackbody does not approximate 1.0.

I{ICHMONI), National Bureau of Standards: I think

that I c'm clear up the misunderstanding. The point

is that we do not have "t very good blackbody, but

since we know how bad it is, we c'm make corrections

for it.

Mooan: That is (me way of saying it.

Lr:y, Avco Corporation: You stated, at the beginnintz

of the pat)er, that you made some assumptions. On,.

was that you shouhl haw, a perfectly diffuse cavity "rod

that the cavity walls should have tire simile enfitlance

as the surface. Now, in some of these ceramic mate-

rials, sintered m'rterials, or pressed materials, the surface

has "t very much different (:haractt,r than the substrate

material, and the hole is so shallow that you may not

be able to realize these assumption. Coukt yo(l perhaps

discuss this a little more?

Mooar_: Of course, all of these specimens th'_t w,'

prepared were nmehined specimens. In other words,

we were, not using the original surface of the ceramic

"ffter firing. The test surface was first ground with

diamond t)()wd(_r and then we drilled our hole with the

sanle diamond powder using a Cavitron so that the

two surfac(> in _hat respect were comparable. Granted

th(,re are c(,rlaill assumptions in rise of this shallow

hnh, m(,lh,)d. At the moment, we are just interested

in s('ein_ _ bat kin(t of accuracy we can obtain through

its use. Th<, n,(,th(>d is intended for very high tempera-

lilt(, [llo:p_llI'iqlH*n(s and I know there is nluch more work

needed (m it. For one thing, we riced a good heat-

transf(,r amdysis, which is very difficult with the type

of speeilHt'[is t[mt we are using. But we hope to rn_.a.ke

such ar_ :,mly_is bvfore too long, and again I would like

to say t}m! t}ds is a progress report. We are not, as

yet, ready ((, r,,eomm(md it. as art accurate method of

C','nil t ain't' }_}o:tsurelnent.

Zlssls, l_stitute for Defense Analyses" As far as I

know 1},,' 1),. Vos treatment is more accurate than the

Gouff5 _r,,:!tnwnt and is superior to it in every way

except in :qmplicity. If you take the l)eVos calcu-

lations, a_s_m_o a perfectly diffuse wall and no temper-

alure gra(livnl, you get the generalized Gouff6 expres-

sion, l piit x,. Using the l)eVos expressions, you have

a chanc,, t,, [,v:du'm_ the effects of different character-

|sties of the wails of your shalh)w c'tvity and also to

conskh'r how big a difference would be introduced by

a lemlu'ra.tur, • _r.Mient. I wonder if more theoretical

work of this tyl)e is being planned, or whether you feel

Ih'tt this i_ b,.y(md the precision of the experiment.

Me(mE: \Veil, we certainly have studied the I)e Vos

expr,,_si(m, as w(,ll as some of the others that have

been dtw(qop(,d. As you say, most of them are much

more comph,x in nature than the Gouffd equation

We plan to iuv,.stigate some of these other expressions

to det,,rminv if they will bring the data into better

agr(:elnelll, b!lt right at the nlolnent our problems tire

not st, much in the use of the expressions for c'dculat.ion

of the ,.mi_tancc as they "_re in tire elimination of

tenlpet'aluv_' differences between hole and surface.

Large ,,rrtw.-. will be introduced unless we c'm reduce this

t,qnp,,r:t_ ure difference to a small value.

ll. L. ('ox, Chance Vought Astronautics: I would

like lo compliment Mr. Moore on his very interesting

and exeolhq_t pap,'r. Some work has been doric by

Dr. Sparrow "_t the University of Minnesota on the

emission from holes with temperature gradients down

the e:tvily. [ b_.li_,ve it might help resolve your

(enlper:tt_lre gradient problem if such an analysis

werl! p(!l'for tued.

Moore:: 1 must "_dmit that I had not seen this

r('em_ publication by Professor Sl)arrow, but I haw,

rim(h, a i_(_t_, _o look that up just as soon as l get back.

Of tours,,, ,me nice thing about the (1ouff6 expression

is lhat _.h,' (,re|trance tcrm is eliminated from the

,,quation lhat we use. I doubt that this would b.

t)ossibh _it h some of the other expressions.
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TORY OXIDE COATINGS UP TO 2900 ° K

BY V. S. MOORE, A. R. STETSON, AND A. G. METCALFE

SOLAR, A SUBSIDIARY OF INTERNATIONAL HARVESTER, SAN DIEGO, CALIFORNIA

The hot-filament method for the measurement of total hemispherical cmittance has

been adapted for ceramic coatings. The radiated energy per unit area is measured simply

and accurately by potential probes in the uniform temperature region of the filament.

Several methods have been examined to determine the true surface temperature. An

approximate solution has been used in which it has been assumed that the coating is a gray

body. In this case, the true surface temperature and emittance are determined from tile

solution of simultaneous equations derived from the Wien and Stefan-Boltzmann Laws.
A more accurate method is based on the use of the hot filament as a resistance thermometer.

For opaque, non-conductive, uniform coatings, it can be shown that extrapolation of this

resistance temperature to zero thickness coatings for constant energy radiated per unit ai'ea

gives the true surface temperature for this density of radiation.

An analysis of the sources of error shows that this method is capable of high accuracy

if suitable filaments can be found for the ceramic coating under study.

The need for emittance data has increased

nlarkedly in the last few years. This need is

particularly true of space applications where

radiation is the principal means of heat trans-

fer. In the development of radiation-cooled

structures for superorbital re-entries, _ coatings

of the highest emittance are required to oper-

ate at temperatures up to 2900 ° K. Solar

has adapte(I the well-known hot-filament method

tO SU(:}I iYleltsur(qlle]lts.

The principle of the hot-filament method is

that the energy radiated per unit area, E/A, is

determined from the electrical power dissipated

over a known length in a constant tempera-

ture region (ref. 1). From the surface temper-

ature (Tr), usually determined with very fine

thermocouples attached to the surface, the emit-

tance can be calculated from the St.efan-Boltz-

mann radiatiou equation E/A=ae(Tr4--Ts4),

where

a Stefal|-[{oltznlalHl ('oltstallt

e total hemispheri('al emittan('e

7_s temperature of absorber (usually negligit)le

at high 7'_)

A Ra(liating surface area

i The work described was performed on I:.S. Air Force contract

AF3a(616)8497 under the technical direction of Jesse Ingram M/Sgt.,
USAF.

Errors in the method are ahnost all related

to the accuracy with which surface tempera-

tures can be l_lcasui'ed (ref. 1). On highly

conductive metals and coatings to which the

thermocouples can be nletallurgieally bonded,

errors can be minimized. With eenmfic coat-

ings, large errors in surface temperature lneas-

urement occur. For example, at 2500 ° K

thermocouples of tungsten --25% rhenium vs.

tungsten (0.005-in. dialneter wires) may read

as much as 500 ° K lower than the true temper-

ature. Such differences are not surprising in

view of the high thermal gradients in coatings

of low thermal conductivity. These may reach

30,000 ° ('. per inch.

In the method described, these problents are

avoided by measuring the filament t,empera-

ture. Tungsten filaments have a high temper-

_dure coefficient of resistivity so that simple

measurements permit the temperature to be

calculated to an acetlraey of approximately 3?

K. The true surface temperature is obtained

from measurements with different coating thiek-

twsses followed [)3" the extrapolation to zero

eoating thickness for constant energy radiated

per unit area.

$27
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EXPERIMENTAL METHOD

Apparatus

The apparatus is shown in figures 53-1 and

-2. "Pile water-cooh'd bell-jar is blackened in-
side so thai essentially complete absorption of

all in<'ident radiation o<'<'urs. Tile tungsten fil-

ament is }_-ineh diameter by 914 inches long

and is heated by a 500-amp d-c source. The

chamber can 1)e l)umped down to 10 -_ torr,

although many measuremenls are made at, 10 -_
tort because it, has [)(,(,it found that volatiliza-

tion of materials at 2900 ° K is reduced somewhat

at the higher pressure.

The base plate is water (tooled and has

provision for the introduction of thermo-

Measurement of Thermal Radiation Properties of Solids

couph' wires ,ud potential leads. The poten-

tial lea(Is are 0005-inch diameter tungsten
wires to avoid thermoelectric effects. Pre-

liminary surveys by optical pyrometer have
shown that 1}_-inches on either side of the

center _)f the rod is at uniform temperature.

Pot,enti_l leads are spaced 2 inches apart

within this zone (fig. 53-3). The tungsten fila-

ments or rods are ground to an accuracy of

0.00l inch aud the potential leads are located

with an accuracy of 0.010 inch. The potential

drop is m_msured by a high-input-impedance

V'k(2LIHlll I/Ill(' voltmeter with an accuracy of
4-g por(,m_t, The current is measured by

means or a precision current shunt (:k g pereeat

Fmt'e,.l..:53 1. -Total tmmispherical emittance test chamber and instrumentation.



Emittance Measurements of Refractory Oxide Coatings up to 2900 ° K 529

(OmZ_TIO_

VACUUM OAGE

:22 T __._'__

THER]_OCOUp t,Z _ _'_

It_ED 7"ltl_OIJO tl

cotnJ £CTZON TO

"/AOU_M PUMP

/
VACUt]I_ BL££D

......
A VACUUM GAGE

_^COOL_O-CO_ L FOR

iio'l*l'Otl pLa_

TOP VIEW WITH SHZLL REMOVED

IV_[ a ........
CLAMP _ t ] _ P_c_n BLACK

vAcuvm -_/1OHT

.--,_I t_eCTmC^LLY
B I: LLQV_8 _ _qSU LATED SEAL

COPPE_ TU_E • _ "_ _ COPPEn TI;_E

nod _o_ WlnOHTS S_CT_O_ A-^ _ C¢_¢_E_-_O_ TO VACUU_ p_r_p

FIGuRr: 53-2.--Schematic drawing of emit,tanee test,

apparatus.

curves determined in this way agreed within

the same accuracy with the best available data
for tungsten (ref. 2).

A series of these tungsten rods was coated

wit, t_ ceramic by plasnla-arc spraying to produce

coatings varying in thickness from 0.0025 inch

to 0.012 inch (0.06 to 0.30 ram). Yttria-

st al)ilized hafnia gave excellent coatings on

tungsten rods and this conlbination will be

used to discuss the test procedure and results.

It is necessary that the rod-coating combi-

nation be compatible in both physical and

chemical properties.
The coating is removed by grinding small

"windows" approximately 2 inches apart and

attaching the 0.005-inch tungsten leads 1)y spot

welding. These wires can be seen in figure 53-3

The separation distance of these leads is

measured by vernier calipers.

Experimental measurements are made in the

following sequence:

I. The eaiunber is evacuated and the tungs-
ten rod heated to 1650 ° K.

2. The potential drop across the current
shunt is measured to determine the

current I.

accuracy) using a Leeds & Northrup K2

potentiometer.

Test Method

The resistivity of the tungsten tilaments was
determined as a function of temperature in

preliminary work. The temperature was de-

termined by melting points and by optical

pyrometry. Short lengths of fine wires were

spot, welded to the tungsten and the tempera-
ture of melting observed. Gold (1336 ° K),

I)latinum (2042 ° K), and molybdenum (2893 °

K) were used in this calibration. These

determinations showed that optical pyrometer

readings on the tungsten surface could be

corrected by published spectral emittance d_ta

(ref. 2) to give results in agreement with the

melting points. It was found that rods from

one vendor gave reproducible resistivity-tem-

perature curves with an average scatter of data

points within 6_ K of the curve. Rods

from a second vendor gave slightly different

results with a maximum separation of the

curves of 12 ° K. The resistivity-temperature
FIGURE 53-3.--Emittance test chamber showing

specimen and voltage measurement leads.
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3. The potential drop, V, along the tungsten
rod is determined over lhe 2-inch length.

4. From the pot.ential drop the current and
the known dimensions, tile resistivity of

the tungsten is determined and hence the
tungsten temperature, Tw.

5. The energy radiated per unit area of the

coating is calculated and plotted against

Tw as shown in figure 53-4.

_;. Measurements are repeated at higher

temperatures up to a maximum of 2900 °

K tungsien temperature.

The following asstlmpticms are made to eonl-

plete this analysis:

1. Heating is solely in the tungsten, i.e. the

coating is nonconduetive.

2. Coatings are applied uniformly and con-

sistently in different thicknesses.
3. At the same level of enei'_y radiated per

unit area, the surface temperatures of the

coatings are equal.
4. The coating is opaque to radiation.

On the basis of these assumptions, both the

true surface temperature and energy radiated

-- - r- ! l

can be corrected for the effect of the thermal

gradient in the coating by an extrapolation to

zero thickness. A plot for constant tungsten

temperaluro is shown in figure 53-5. Extrapola-

tion to zero thi(_kness gives the energy radiated

for a cerami, surface temperature equal to the
tungstet_ _pmperature. From these data, the

emittance is calculated using the Stefan-

Boltzn,atm equation. Tile results of measure-

merits on hafnia are shown in figure 53-6.

DISCUSSION OF METHOD

Three assumptions are made in the analysis

of results. These assumptions are that the

coatings are non-conductive, opaque, and

uniforln, Each of these assumptions has been

invesiizaied. ('ot|duetion in the coaling will

(,ause errors 1)eeause of heating within the

coating alld (if It reduction in the resistance thai

will he attributed to a lower tungsten tempera-
lure. Both errors will deerease to zero as the

thickne_ of lhp coating decreases so that lhey

will be elinLi,mted by the method of extrapoht-
lion. The eft'eel is small, in any ease: for a

coalin_ wiit_ a resistivity of 10-' ohm-era, lhe

0.0117

i t

2800 3000 3400 3600 3800 4000

SUBSTRATE TEMPERATURE (FAHRENHEIT)

4200 4400 4600 4800

t

5000

FIeIURE 53-4.-- Radiated }teat ftllx for plasma-arc sprayed hafida (yttria-stabilized) vs tungsten temperature.
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FIGURE 53-5.--Radiated heat flux vs coating thickness at constant subst.ratc temperature of hafnia (yttria-
stabilized).

tungsten temper_tture will never he in Error by

more than 0.04%. This error increases to

4% for a resistivity of l0 -3 ohm-era so that

complete elimination of the error by extrapola-

tim, is no longer certain.

()pacify of the coatings is essential if a single

surface temperature can be used to represent

the temperature of the emitter. This has been

tested in a simple manner by plotting the

brightness temperature measured hy optical

pyrometer against t, he energy ra(liated from

the coating. If the thin coatings become

sufficiently transparent to permit energy to be
radiated dire<.tly fi'om the tungsten rod, then

the <>pticu[ pyro,,wter readings will no longer

vary as the radiated he_d. tlux. Figure 53-7

shOWS lhat tim coatings appear to remain

oI>a(tue al thiek)wsses as low as 0.0025 inch.

The true surface temperature has been deter-

mined previously (fig. 53-5) so that 1,hese

optical pyro,,,eler readings allow the spectral

en,ittance to be calculated and plotted in

figure 53-6. These vnlues are for a wave-

length of 6500 .& for the mierooptieal pyromeler.

[;niformity of the coatings is the final

assumption. It has to be assulned that all

coatings are alike so that the thermal conduc-

tivity is reproducible and hence the tempera-

lure gradient in the coating. The scatter in

figure 53-5 is believed to be attributable

mainly to differences in the coatings rather than

differences in measurement. Sections of coat-

ings have been examined, and these show that

the surface irregularity is such that the average

radiating surface is approximately 0.0005 inch

below the surface measured by a micrometer.

Figure 53-5 shows that this correction can be

applied readily by extrapolation to a thickness

of 0.0005 inch rather than zero thickness. The

effect of this correction is very small because

the area is also reduee(t so t,hat, the radiated

energy l)er unit. area is changed in opposite

directions. Sections of coatings show that

some lungsten is also trausferre<t to the lower
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layers of the coating by an unknown mechanism.

It is believed that this is responsible for the

flattening of the curves in figure 53-5 below

0.004 inch. The higher thermal conductivity

of the lower layers woul(I cause the thermal

gradient, t,o be smaller in this region and hence

the energy radiated will no_ change as rapidly
with thickness.

Other work has shown that, the hafnium

oxide is not complet,ely stable in high vacuum

at high temperatures. Some dissociation to

HfO, occurs where a typical value of _ might

be between 1.98 and 2.00, (lepending on
temperature and pressure. Subsequent work

in a. reducing atmosphere ((mt'bonaeeous) gave

consistently high values for emittan('e between

0.90 and 0.88, confirming t.hat a more defective

lattice has higher emitta.n<!e. One limitat.ion of

the filanmnl, method is, therefore, that the

specimen must be stable in vacuum (or suftiei-

ently low pressure of neutral or reducing gas to

avoid convection heat losses), unless measure-

ments are desired on the partially defective
oxide. Another limitation of the method

t)eeame apparent, when attempts were made to

measure the emittance of thoria. ()n a tungsten

filament, t ttoria tends to crack because of its

high expansivity and direct radiation from the

hotter tungsten filament int,erferes with results.

On a tantalum filament,, thoria is partially

dissociated with a change in the resistivity of

t,he t,antalum t)y dissolved oxygen. In I)oth

eases, the method is applieat)le, but the error

will be nlueh higher l.han for the system

tungsten-hafnia. In conclusion, the method
(:an be recommended in those cases where a

compatible system is possible.
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54--MEASUREMENT OF REFLECTANCE AND

EMITTANCE AT HIGH TEMPERATURES

WITH A CARBON ARC IMAGE FURNACE'

BY M. R. NULL AND W. W. LOZIER

RESEARCH LABORATORY OF NATIONAL CARBON COMPANY, DIVISION OF UNION CARBIDE CORPORATION, PARMA. OHIO

A technique is described for the determination of the spectral reflectance and emittance
of carbon and gr'_phite at the sublimation temperature using a carbon-arc-image furnace.
Sublimation was produced by an electric arc at the surface of the positive electrode. Rapid
heating effects have been observed due to the radiation from the image furnace used for tile
reflectance measurement. Thc_e heating effects have been minimized and measured to
permit determination of a correct value for the reflectance. The spectral reflectance at
a 45 ° angle in the visible part of the spectrum falls in the range 0.011 to 0.024 and shows "t
weak wavelength depcndence, with the reflectance at 5010 /_ being about l0 to 20% lower
than at 4305 /_ and 6080/_.

The application of _ carbon-arc-image furnace

to the measurement of spectral emittance has

previously been described (ref. l, 2, and 3).

The carbon-arc-image furnace employed in these

studies has an optical system consisting of a
pair of elliptical mirrors (ref. 4) and the meas-

urement of reflectance involves the use of suit-

ably placed synchronous shutters for separation
of the emitted from the reflected radiation.

The application of this method to the study of

graphite at the sublimation temperature posed
special problems for which new procedures are
described below.

APPARATUS AND METHODS OF" MEASURE-
MENT

The arrangement of the apparatus is shown

in figure 54-1. The graphite surface to be

studied was the hot crater face of the positive
electrode of an electric arc. This is the so-

called "pyrometric arc" recently described by

the authors (ref. 5) and operated in a fashion

to maintain the crater face of the positive

electrode consistently at a temperature of

3800 ° K. The crater face was placed at the
sample heatb_g position E in the carbon-arc-

This research was sponsored by the Air Research
and Development Command and the Air Material
Command, United States Air Force.

692-146 0--63--35
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Frc,_rRE 54-1.--Arrangement of arc image furnace for
reflectance measurement: A--image furnace arc,
D_ and D_--diaphragms, S_ and S2--synchronous
shutters, L--lens, C--photocell, F] and F2---fil_rs,
E_×posed samp!e (positive electrode of pyrometric
arc), M--motor, and R_ and R_--furnace reflectors.

image furnace which provided radiation for
determination of the reflectance of the electrode

surface.

The emitted and reflected radiation from the

electrode surface was measured with an RCA

type 929 vacuum phototube connected across a
4700-ohm load resistor to a Tektroni× model 502

cathode-ray oscilloscope. Traces were photo-
graphed with a Polaroid camera and measured

with a traveling microscope print reader. Lens

L and diaphragm D: limited the view of the

photocell C to an area of 1.15-mm diameter at

535
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the crater position. Narrow-band interference

filters F2 were used to limit the response of the

photocell to the desired spectral range.

The measurement of reflectance in these

tests with the arc-image furnace depends on

the separation of reflected from emitted radia-

tion by a rapidly rotating shutter, S', which

alternately interrupts and transmits the radia-
tion from tile image furnace for 5/360-and

1/360-sec intervals (1800-rpm shutter, 2°-30 °

openings). If the emitted radiation remains

unchanged during the short: interval (less than
1 msec) required to close or open the shutter,

then one can measure the reflected component

of the sample by measurement of the radiance

immediately before and after closing or opening

the shutter. However, any change in the

temperature and emitted radiance of the surface

which is rapid enough to occur (luring the time

required for the edge of the shutter to traverse
the beam would erroneously be classed as

"reflected" radiation. The following experi-

ments have shown the existence of such rapid

heating effects and the means of correcting
for them to obtain the true reflectance.

The image furnace radiation was passed

through a "stock thickness" Corning H.R.

2-58 red glass filter placed at F_ which removed

all visible radiation within tim responsive wave-

length range of the photocell but transmitted

longer wavelength red and infrared radiation

sufficient to produce an irnLdiance on the crater
face amounting to a little more than half of

the unfiltered value. Separate tests performed

by reflecting this filtered radiation from mag-
nesium oxide deposited on the surface of a

water-cooled copper disk confirmed that the

photocell indeed was not affected. Nevertim-

less, when this radiation was allowed to pass
through the 30 ° openings of shutter S, and fall

on the hot arc electrode surface at E, it pro-

duced an increase in spectral radiance measured

by the photocell C which must have been due

to an increase in temperature of the crater

surface. A sample oscillograph trace for the

heating of a graphite electrode is shown in

figure 54-2. The profile of the oscillograph

traces generally showed the increases in tem-

perature to be essentially completed during the

less than 1 msec time required to open or close
the shutter and showed little evidence of any

C 0 C 0 C

-...#"% t"1

i0 MSEC

IMAGE FURNACE SHUTTER

C - CLOSED O- OPEN

ZERO LINE

, q

FI(:URE 5i 2. Oscillograph trace of crater radiance at

4305 _s. for AGKSP graphite electrode irradiated
by arc imag(, furnace through Corning H.R. 2 58
red _la_ filter.

subsequent heating or cooling during the com-

pletely oI)e,_ or closed portions of the shutter

cycle.

The iT_(_rease in spectral radiance was meas-
ured relative to that of the background of
emitted radiation from the crater. The results

are plotted in figure 54-3 for three different

wavelengths and for three different types of

"Natio,a]" spectroscopic electrode materials
wit}, the properties shown in table 54-I. The

solid li,es show the increases in spectral ra-

diance oxpected for 18 ° K and 48 ° K tempera-

ture itwreases at 3800 ° K, the known radiance

tempern! ure of"the crater.

Or5
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Increase in spectral radiance of pyro-

mt.trie arc crater produced by carbon arc imag,,

furna(',, radiation filtered through H.R. 2-58 red

filt_,r ( L7 watts/nun), hlstantaneous value through

shuit,'r _ith 0.167 transmission.
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'l'am.E 54--I. Typical t'hysical Properties of "National" Spectroscopic Electrodes* U._ed in

Reflectance Measurements

537

Grade

AGKSP ...................
SPK .....................
Lll3SP ................

Type

Graphite ..............

Gr:_phite ..................

Carbon ...................

Bulk l)et_sity, Resistivity,

g/cc . ohm-inch

1.61 0.00025

1.90 .00045

1.45 .0025

V

M_ximum Ash,

ppm

10

I0

I0

*All electrodes I/i-inch diameter.

of the measurements, the data fit blackbody
radiance increases of 18 ° K for the AGKSP and

SPK graphite electrodes and 48 ° K for the
IA13SP carbon electrodes. The greater tem-

perature increase for the carbon electrode is no

doubt related to its lower conductivity.

The radiant flux transmitted by the red filter

was further attenuated by passage through one
and two Nichrome wire screens. The solid line

in figure 54-4 shows that the magnitude of the

increase of spectral radiance at 5010 /_, meas-

uring the heating of the crater sur|ace, was

nearly linearly dependent on the total irradiance
incident on the crater. Total irradiance of the

image-furnace radiation was measured by view-
ing a magnesium oxide coated, water-cooled

disk through a small diaphragm with a cali-

brated thermopile. From the reflectance of

the magnesium oxide, the dimensions of the

diaphragm and the calibration of the thermo-

pile, the level of irradianee of tile magnesium
oxide disk may be determined. The calibration

of the thermopile was done by means of an NBS
carbon-filament radiation standard.

The following procedure was adopted to
measure the spectral reflectance of the crater,

corrected for the rapid heating described above.

The radiation from the image furnace was

filtered at F_ to reduce greatly the quantity

outside the wavelength sensitive range of the

photocell-filter combination. It was passed

through a Pittsburgh Plate Glass Company

2043 phosphate infrared absorbing flter of

2-mln thickness and through a "stock thickness"

of either a Corning tt.R. 3-66 orange glass filter

for measurements at 6080 _ or a Corning H.R.

4-74 blue-green filter for measurements at

4305 A and 5010 _. The oscilloscope deflection

included the effects of both reflectance from
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I'-
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FIc, uaE 54-4.--Reflectance and heating of carbon and

graphite craters at 5010 /_ wavelength.

and heating of the sample, but measurement of

the total radiant flux incident on the sample

permitted a correction for the heating effect of

the furnace radiation. Figure 54-4 shows the

oscilloscope deflections plotted at the correct
flux" values. The excess deflection above the

heating curve represents the component due
to reflection. Two levels of radiation were

used, the lower of wtfich represents interposition

of a single Nichrome wire screen, and the results

of two independent runs are shown in figure
54-4. Calibration of the reflectance measure-

ment was accomplished using a water-cooled,

magnesium-oxide smoked surface as a reflect-
ance standard.

DISCUSSION OF RESULTS

The results of figure 54-4 and similar mea-

surements at the other wavelengths are listed

in table 54-II and plotted in figure 54-5.

Figure 54-5 shows that the reflectance at the

5010-A wavelength (green) is approximately 10
to 20% lower than that at the 4305-,_ (bhm) or

6080-_ (red) wavelengths. This is believed t()
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TABLE 54-II.--Spectral Reflectance* and Emittanee o/ (i_rbol+, and Graphite at the Sublimation

Temperature

(trade
4305

Reflectance Enlittanee

AQ S,................... I 0 013 0.987
........................ i l .980

Lll3SP ........................ [ .024 1 .976

*Measured at 45 ° from normal to surface.

_olo

Retleetance Emittanee

O. (}12 0. 988

• Ol 1 .989
• 020 ,980

¢o8o},

Reflectance Emittan_

0. 014 0. 986
.012 .988
• 024 •976

3

I
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1
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FIGURE 54-5.--Spectral rettectanee of sl_,ctroscopic

graphite and carbon electrodes at 45 _ angle and a

surface temperature of 3800 ° K.

be real since it has been observed repeatedly in
these tests and since some similar indications

were obtained several years ago (ref. 2).
The AGKSP and SPK graphite electrodes

both show a reflectance just a little above 1_.
The reflectance of the L113SP carbon electrode

is 2% or a little higher. The graphite materials

are more crystalline and more highly oriented

than the carbon. The orientation present in the

graphite electrodes exposes predominantly low-

reflectance edges of the graphite crystals (,ore-

pared to a more random orientation with the
carbon electrode.

From the reprodudbility of the retlectanee

data, it is believed that they are generally pre-
cise to -t-0.002 and at worst no more than

:1:0.004. The emittanee values in Table 54-1I
were obtained by sul>tra<'lion (_f the rettectanee

from unity and have the same predsion as the
reflectance, The errors result from the fact

that the reflection _tnd heating signals were no

more than 5_ of the emitted light signal, the

noise of which constituted a limiting factor.

The gr@hite craters with their emittanee

near 0.99 are a ('lose approximation to a black-

t)ody radiaor in the visible region. This

(.onfirms raliation measurements recently re-

ported (),1 th_,se same sources (ref. 5). This

high (,mittan(_e is due in large measure to the

roughefw(t surface produced by the sublimatio,_.
Measurement of the refleetances of these craters

at lower tentperatures show little change from
the values measured at the sublimation

temperttt my.

TD otdy similar measurements of the rc-

fh,(,t_m(.,, _uu[ emittance of graphite at the ur('

teInpcrnI_lre are those reported by Euler in
(brm_mv (ref. 6-9). However, Euler's wdues

for th(' r(.fl,,('tam'e have been shown (r('f. 2) to

|)e _q)l)roximal(,ly ten times too high.

The m(,lt_o,ls described in this paper possess

wider utilit\ than the examples presented and

promise to (.larify effects of surface structure on

entitlance• '/'hey can be extended to other

tnel[iods ot' heating. For example, heatitg
can l)e a'_'(m_plished resistively or indu('tively

at,d l}_,' image ft,rnace, as here, be used to
fll(qt_lll'P ['(_f]9('t till(!().

Tim exlr(,lnely ,'apid response ot' tit(' (Tater

sur['ac(, to iv,('i(h,nt radiation bespeaks an

ex(.ef)ti,)md[y low thermal con(hu'tivity or

therlllal inertia wtfi('h is under (.onlimting

h v+,'('sli_.,:+tI ic,t i.
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DISCUSSION

.IERR¥ ALLYN, Sandia Corporation: Perhaps I do

not underst_.nd, but it appear from your description

that you have assumed that the absorption of your

crater it, the infrared is the same as the absorption

in the visible. In regard to the way in which you

calibrated your heating effect, is this true and is this

generally a good tk_surnption?

LOZIER: It is true for this type of mat_rial. It

would not be generally true, and, possibly, allowance

should be made for it in cases where filters are used to

isolate different regions. We have shown in our

radiation measurements that this electrode crater

approaches the blackbody all the way from about 3000

,_ to about 40,000 ._. within 1 or 2%, except at a few

waveb, ngtK_ where there is u little radiation from the

gas. We were fortunate in this regard with this

particular source.





55--SOME PROBLEMS IN EMMITTANCE MEAS-

UREMENTS AT THE HIGHER TEMPERA-

TURES AND SURFACE CHARACTERIZATION

BY C. D. PEARS

SOUTHERN RESEARCH INSTITUTE, BIRMINGHAM, ALABAMA

The emittances of several refractory materials were determined at temperatures froTh
800° F to 5000 ° F with an instrument in which the radiance of a specimen was compared
with the radiance of a blackbody cavity at the same temperature. A thermopile type of
detector was used. Tile emittance was found to be related to the structure of the material
at the higher temperatures.

Small disk-shaped specimens were placed on similar disks of tantahnn or tungsten and
heated inductively to a steady-strtte temperature. The surface temperature of the specimen
was determined by thermocouples to 2500 ° F and by optical pyrometry to 5000 ° F assuming
gray body distribution at the wavelength of the optical pyrometer (0.665_). For the
thermocouples, several methods of attachment were used depending on the nature of the
structure of the specimen. For the temperature determinations by optical pyrometry, a
method of iterating between the readings of the optical pyrometer and the total radiation
detector was developed for the computer to permit the solution of true temperature.

The calibration of this instrument, an error analysis, and the gener.d data have been
presented in another paper and will be discussed here only briefly. In this paper, the major
emphasis is directed to a requirement of "instrument and techniques" that must assume
greater attention at the higher temperatures. Specifically, the era|trance must be related
to the structure of the surtace of the specimen as a function of temperature and time. Sur-
face ch'tracterization is mand:_tory. The analysis of the data must include photomicro-
graphs which will reve'd the topographical conditions, the chemistry of the surface with
the high-temperature migration of contaminants of small quantity (ppm), and the structure
which may alter consider'tbly with temperature.

The emittance of a surface rnay be defined
as the ratio of the radiance of that surface and

the radiance of a blackbody at the same tem-

perature. As a means of measuring the emit-

tance of various refractory materials, a thermo-

pile was used to measure the normal radiance
at a fixed distance from the material. Emit-

tance was calculated by dividing the mill|volt

output of the thermopile viewing the material

by the mill|volt output of the thermopile when

viewing a blackbody at the same temperature.

Most of this work was performed under Con-
tract No. AF33 (616)-7319 for Aeronautical Sys-

tems Division, under industrial contract, and
in-house at Southern Research Institute.

SPECIMENS

The dimensions of the test specimens varied
from _ inch to 1_ inches in diameter and from

_s inch to ¼ inch thick. Uncoated materials

were generally ground to a smooth finish, with

the finish defined by the method used to pro-
duce it. Although this method of defining the

finish is not precise, it is probably adequate

within the engineering stringency of the data

application and certairdy seems more definitive
than RMS measurements of the surface of most

of these kinds of materials, which contained
numerous macro voids. Of course, all material

conditions of composition, surface finish, ther-

mal history, and environment should be very

carefully delineated in all emittance deter-
minations.

EQUIPMENT ARRANGEMENT

A cross-sectional view of the apparatus is

given in figure 55-1. The specimen was housed

in the lower section in which a specially de-

signed fiat induction coil was used to bring the

target surface to temperature. A water-cooled
circular tube extended from the top plate of the

lower housing up to the radiometer housing.

$41
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FIqURE 55-1.--Cross section of emittance apparatus.

Within this upper housing, the multijunction
thermopile and optical stops were mounted.

Purge lines were attached to both the upper

and lower housing. To evacuate the housings,

a mechanical vacuum pump inlet was provided

on the top flange of the lower section. The

thermocouple leads and the power leads from
the 25-kw induction furnace also entered this

lower section. Optical sight ports viewing the
target surface were provided in the circular tube

as well as through the top of the lower section.

O-ring seals were provided at all joints so that

the entire system could be evacuated to 2 mm

Hg preparatory to operation. ,_ter evacua-

tion, dried argon or helium was admitted to

provide an inert environment. A picture of the

equipment is shown in tigure 55-2.

SPECIMEN HEATING

The specimens were heated by a flat in-
duction-heating coil, which concentrated the

magnetic field at the specimen in a small hole

in tim center of the coil. If the specimen was
an electrical conductor, it was used as the

susceptor. If not, the specimen rested on a

tungsten or tantalum disk 0.010 inch thick

Measurement of Thermal Radiation Properties of Solids

FI_,t:I_E 55 2, -Apparatus for measuring total normal
cmittance.

serving as the susceptor and was heated by
conduction and radiation from the disk. The

suscept.or WtL_ supported by tungsten wires,

which in turn were supported vertically by

zirconia grog. Fine zirconia sand separated

the sus('.eptor and specimen from tile copper

plate seeomtary of the induction heating coil.
The plate, and consequently the zirconia sand,

were protected by the cooling water in the

induction l:eating coil.
For heating the blackbody cavity, a helical

indubth)n coil was used in place of the fiat coil.

Since the blackbody had a greater length-to-

diamet(w ratio than the specimen, a better

distribulion of power input to the load was

necessary.

RADIOMETER

The radiance of either the specimen or the

blackbody was measured by a 160-junction

thcrmopilc constructed according to Sny-
der (ref. 2) and Gier fief. 3) with solne
modifications.

The radiometer housing prevented ambient

temperature changes from adversely affecting

the thermopile. Water maintained at a con-

stant temperature was circulated through all

parts of the apparatus viewed by the theme-
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pile. Also, blackened copper baffles were

provided to prevent spurious reflections from

reaching the thermopile. The water-cooled
shut-off valve was provided to obtain a stable

zero reading.

During operation, argon gas was passed
into the radiometer ]lousing and down the

support tube to prevent smoke and fumes from
contaminating the radiometer. No windows

were used between the specimen and the

thermopile. In order to calibrate the thermo-

pile, _t graphite blackbody with a _ inch

diameter cavity, 6 inches deep, was positioned
below the radiometer.

TEMPERATURE MEASUREMENT

Since the blackbody had an emissivity of

unity, all blackbody temperatures over 1400° F

were easily and accurately measured with an

optical pyrometer. For temperatures below
1400 ° F, and as a check at temperatures up to

2500 ° F, a platinum-platinum, 10% rhodium

thermoeouple was placed in the blackbody

cavity. Tungsten-rhenium thermocouples were

used to extend the temperature check to 4600 °
F; however, the variation between different

wires, and even for a single couple on subsequent

runs, was as high as 201) ° F at 4000 ° F so that

the precision of these exotic couples is somewhat
limited.

A major problem of the work was tile meas-

urement of the surface teniperature of each

specimen. Several different means of attaching

thermocouples to the surface were einployed.

In some cases, the thermocouple was cemented

in a small hole in the top side of the specimen;
for obvious reasons, this technique is no more

than adequate. Some materials perfnit peen-

ing the thermocouples in small holes or grooves
in the surface; this technique provides good

readout for homogeneous specimens. For some

specimens, the couples were inserted in boles

drilled radially in the specimen. For others the

thermoeouplc was formed by welding the ends
of the dissimilar thermocouple wires to the

surface of the specimen. This technique is
good if the wires leading away from the weld-

ments are kept close to the specimens to mini-

mize their heat loss. The most satisfactory
method for a specimen in which the wires couht

riot be welded to the specimen proved to be

pressing the welded thermocouple junction to

the surface with a zirconia pad about. }_x _ x _6
inch thick. A thin layer of Fiberfrax under

the pad provided for more even contact.. Tile

top pad was held in place by a tungsten wire
cantilevered off the side of the furnace and

bearing on the pad.

Temperatures above 1400° F were also meas-

ured with an optical pyrometer with a filter of
0.665_ wavelength. The sappifire window and

front-surface mirror used in the optical ports

were calibrated by viewing the blackbody

through these ports and directly through the

top of the furnace. This correction was about

150 ° F at 5000 ° F, decreasing with decreasing

temperature. The two great advantages of the

optical method of measuring temperature are:

(1) the target surface is not distorted thermally,

and (2) devices need not be extended into a hot
zone in which available materials have a

limited life. Temperatures of a gray body can
be measured optically without knowing the

emittance by measuring the spectral and total

irradiances separately and combining the prin-

ciples of the Stefan-Boltzmann and Wein laws.

The analysis is valid because there is only one
set, of conditions of spectral radiance, total

radiance, and surface emittancc that, will

satisfy the spectral and total radiation laws

for a single true temperature. There can be

fairly large deviations in the spectral emittance
within the wavelength range of the total energy

spectrum and still not introduce a particularly

large error since the true temperature is a
function of the quarter power of the total
radiance.

This procedure gives correct values for all

materials that radiate as "gray" bodies. The

error in the values for nongray bodies varies,

depending on the difference between the 0.665_

spectral and total emittances and the distribu-

tion of radiant energy within the particular

spectrum. If deviation from gray body be-

came very great at temperatures up to 2500 ° F,

it was indicated by the thermocouple measure-
ments. At 4850 ° F, a temperature check was

obtained from the melting of the zirconia grog

around the specimen.

INFLUENCE OF SURFACE CAVITIES ON SUR-
FACE TEMPERATURE AND RADIANCE

The radiance of a ttat opaque surface is de-

fined by the Stefan-Boltzmann law in which Q=
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ECT _, in which Q is the radiance, E the emit-

t.ance, C.-the constant, and T the absolute

temperature. This equation assumes that the

entire surface is at the same temperature.

Many of the ceramic materials, and some of
the nit.rides, borides, and carbides, contain

surface cavities at least 0.005 inch deep.

Further, some investigators drill small holes in

the surface to measure surface len)perature.

It is douhtful if the temp('ratur(, at the t)ottonl

of the cavities is the sam(, ,_s at the top surface;

further, at few degrees (tifferen('e can cause a

large difference in th(, radiance. For example,

the temperature drop lhrou(_h a material with

a relatively low thermal ('onduetivity (zirconia,

char, ceria, thoria, or 'e' direction pyrolytic

graphite) will be about 150 ° F per 0.005 inch

at 4000 ° F. If (he specimen is heated from

the back side, the radiance of the nominal sur-

face (the peaks) will t)e 12% less than the
radiance of the bottoms of cavities 0.005 inch

deep. Conversely, temperatures measured at

the bottoms of the cavities, to permit the as-

sumption of blackbody, will contain similar
error in addition to the false assumption of a

blackbody cavity.

For materials with a higher thermal con-

ductivity such as tungsten, graphite, and

several of the carbides, the temperature drop
througtl a specimen heated from the back side

falls to 5 ° to 15 ° F per 0.005 inch or an error

in radiance of only about 1%. However, for

deeper holes, this error could become more

significant.

SOME CALIBRATION "STANDARDS" AND

SUMMARY OF AN ERROR ANALYSIS

]n calibrating enfittanee equipment, some

reference specimens, or "standards," )ire manda-

tory to establish the operating procedures and

the different techniques that can be employed

in heating, nwasuring telnperature, and con-

/.rolling the wtrialion from prescribed condi-
tions. Several standards have been use(l.

The results for 17nitemp '41 and platinum are

shown in figure 55 3. These specimens were

selected by Aeronautieal Systems Division and

distributed to several investigators. Although

all of the data are not in, it, appears that the

Southern Research Institute data are in good
agreement with the literature data furnished

by Aeronautical Systems Division. For the

plat.iimm, the thermocouples were welded di-

rectly to the target surface; whereas, for the

Unitemp 41, the thermocouples were held in

place hv the spring-loaded zirconia pad.

A statistic_d analysis of the data accuracy is

of interest. Generally, the probable error in

each blackbo(ly reading is about 4%, and the

prol)able (,rror in each specimen reading is

at)out S(_. If (he data points are used to cal-

culate emil tanee, the maximunl probable error

wouht then t)(, a|)out 12%. The curve-fitting
al)proa(']_ un,loubte(tly reduces this maximum

to at)out 5%. As a general conclusion, the ac-

curacy of the measuring system is usually well

within tlw range of variation as is experienced
by diff(,r(,n) surface conditions on the same

material.
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I;'[(;L'RE 55 3.- C,dibration standards for total normal

omittanee of 87_ platinum-13% rhodium (top

curv(,) run in nitrogen with specimen ann(,aled in air

1 hour at 2!)00 °F, and Universal Cyclops l'nitemp

No. 41 (bottom curve) run in air with sIx,eimen

pr(,oxidiz.,l ill air at 2000 °F.& designates data from
A,qD 5_ 476.

THE EMITTANCE OF SOME REFRACTORIES

()vet the t)ast several years, the emittances

of several hundred specimens have been deter-

mined. Generally, the values increase with

temperature for metals and decrease with

temperature for ceramics; however, there are

notat)lc exceptions to each of these general

observations so that. precise theoretical rela-

tions cannot be developed for the field of engi-

neering malt,rials. Occasionally, some very
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sharp inflections have been found in the emit-

tance-temperature curves ttmt are unrelated

with known stress or structure changes. These

inflections may be reversible or irreversible.
The emittances of sew,ral materials are shown

in figure 55-4. These data are included to

show the general values that can t)e expected

and, as shown, should not: be used in any pre-

cise engineering design but only as a guide for

initiating a preliminary material selection.

For precise data, more information is necessary

concerning detailed composition, surface finish,

environm_,nt, and other parameters.

SURFACE CHARACTERIZATION AND INFLU-

ENCE ON EMITTANCE

An analysis of the intluence of the character

of the surface on the emittance is extremely

difficult and can induce conflicting opinions
between cause and effect,. A direct review of

some of the specific results should provide a

basis for understanding.

Pyrolytic graphite is a rather well ordered

structure of the hexagonal crystal of carbon

wkh the 'a' and 'c' directions being very anise-

tropic both thermally and nmchanically. For
thermal conductivity, the ratio is al)out 40 to 1.

For tensile strength, lhe ratio is about 30 to 1.

Observe the well ordered columns (in the '<"

direction) in tigure 55 5. The emittan<'e for

this structure, shown in figure 55-6, was fairh"

high and constant when viewing either side of

the cohmms; however, the elnittance was con-
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FW,_,nE 55-7.--Emittanc[, of tungsten showing lho in-

flllenee of surface contaminants.

siderably less below 3000 ° F when viewing tile

ends of the coh, nms. At a sele('ted angle off

(>f the <'olumns, the emittanee was at>out equal
to the geometri(' distribution between the two

orientations. Above 3000 ° F, the emittances

were about the same at, any orientat(on. For

this material, the emittance wfts dei)endent on

the orientat.ion of the gn'ains. For regular

poly('rystalline grN)hites that are less aniso-

tropic, this variation of emittanee was not

found. Perhaps a similar influen('e does exist,

but cannot 1)e detected. Many of t.he refrae-

(ory materials are pressed or extrude(t and con-

tain a marked grain alignment that may or may
not influence emittanee.

The chemistry of a surface may change at

temperatnre as components boil out, migrate

out, or even diffuse out. The data shown in

figure 55 7 for tungsten are indicative of a

transient surfa('e that was observed visually.

At the lower temperatures and at the higher

temperatures, a dark deposit, showed on the

surfa('e and ('aused a high emittan('e. After

blowing oft the deposit or permittin V it to "dis-
solve" into the spe('imen, the emittan('e re-
turned to the normal low value. This dark

phase wouhl probal)ly (levelo 1) in most <'ommer-

eial at)pli<'alions unless blown off.

The zir(.onium diboride shown in tigure 55 8

develol)ed a phase at 1he sur['a('e, after temper-

ature exposure, that had not, been present be-

fore exposure. I)ifferenl spe('imens provided

data with fair agreement on silbsequent runs.

The ('hemistry of the surl'a(.e apparently

changed, as well as the ma('ro structure, in-

ducing a different emittanee. In appli('ation,

this malerial wouhl have an emitlanee (lepend-

°

A

B
Fm(rnE 55-8.--Zirconium diboridc (emittanee ma-

terial 6) at 150 X txffore and afterexposure to tempera-
t.ur(_ showing unidentified phase at the surface. A--
oxidized at 1850° F, unexposed at SRI, bottom
_,dgc; obserw; absence of small crystallites and the
gray phase on the edge. B--oxidiza, d, exposed at
SR[ to d-4000°F in argon, bottom edge; observe
absence of small crystallites and the scattered phas(,,

ing on the bemperature-time environment of
the structure.

Further evidefi('e of change in stru('ture and

chemistry of the sin-face ('an be seen in the pie-
tures of a silica-('oated graphite in figure 55-9.

The exposure disrupted the ('ontinuity of the
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silica coating and undoubtedly introduced sili-

con carbide at the surface. Both changes

wouhl be teml)eraiure-iinm-environnlent sensi-
tive and would ¢'hange tile emittance.

The emitlances of some oxidized coatings are
extremely dependent, on temperature-time-en-

vironment. The data ['or W-2 in figure 55-10

indicate that the emitlance ranged from 0.3 to

9.7 depending on many variables; specifically,

A

B
FIGURE 55 9. Silica-coated graphite at, 150),( before

(A) and after (B) exposure showing changes in the

coating structure and chemistry.

an oxidizing environment, increased the emit-

tance, ttowever, heating the specimen in either

a reducing euvironmeni or helium apparently

deoxidized _he surface and dropped tile emit-

tanee values. Obviously, tile data would de-
pend on and vary wilh the history of the

specimen

In some ('ascs, gross changes in the flour size,

as in lhe ditl'ereni zir<.onias in figm'e 55 II,

have nol h,_d a big influence on emittance, at

least over thc full temperature range. For
lhese diit'erent surface conditions, the emit-

tances varied less for topography than for other

parameters, su('h as additives, sin<'e the exist-

ence of ,.avi*ies did not exl)lain the differences

theoretically.

On this satt_c type of zirconia, gross changes
in emittance at about 3000 ° F were obtained

by exposing tilt, surface to either helium or air.

In helium, Ih,, emittance at temperature was

high ((LsS) and, after quench, the surface was

gray. In air, the mnittance was lower (0.5)
and, after <tueneh, the surface was the typical

yellow color. Apparently the zirconia surface
either formed a suboxide in helium or was

contanfimtted by the boil out. of some conlam-
inant, such as iron oxide, which was burned off
in air. T))(, emittance data for lhese runs are

shown i. figure 55 -12.

Many aerospace applications require a knowl-

edge of the emittanee of chars and oilier materi-
_++lsthai have both continuous and discontinuous

voids. Tt> <'bar shown in figure 55-13 was

about 75% voids. The thermal conductivity

was low at up to 2500 ° F and then increased

drastic'fl]y in a character similar to a plot of the

Stefan-Boltzluatm radiation law. Even though

the lllal trial aI)peared to conduct, heat primarily

by r,(liation internally, the emit.lance was

faMy constant at, a high value. If there had

been mu<'h subsurface radiance reaching the

LO
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[_'_(_t'RE 55--11.--Zirconias at 15X with different surface roughness.
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deteelor, the "indieal ed" omil hmre should haw'

been greater thall unity. 11 seems inlprobabh,

that the surface temperature measurements

were _m accurate "mean" temperature of the

radiating volume of the specimen material;

however, that conclusion must be made or else
oomph, rely reject ihe data as eoincidental.

The change in structure at the surfaee of a

tantalum-lO tlmgstet_ is shown in figure 55-14,

The gray phase in _be _rain boutu]m'ies m,ar

the surfa('e berame prarlieally continuous at

the surface, The tatltalunl-l(I tungsten was

actually the white phase, and t.he data were

about double the anticipated values. Obvi-

ously, the emittance of the gray phase was being

nleasured.

All of these speeifi(' exnmples demonstrate

that precise information is needed on the sped-

men materials both before and after the

temperature-timo-enviromnent exposures. The

information in(qu(tes (1) topographical, (2)

chemical to parts per million, and (3) stru('tura|

at the surface. For all three phases, photo-

mierographs art, required It) supplenn,nt other

analytical tools.

CONCLUSIONS

The ]neastlrenlent of emittanee of refractory

materials at lhe higher temperatures requires

a knowh,(lge of the experimental art, the theory,

and the behavior of materials at these lom-

peratures. There does not seem to be a safe

experintental procedure tlmt will guarantee good

results. The investigator must be ah,rt to the

different arts and observe, visually, the t)henom-

ena at the surface as lh(, temperature is in-

crease(| and upon qttenrh. Also, specimens

must be quenched from intermediate tetn-

perature levels to provide SOllle informalion on

the surface condition as the exposure proceeds.

A careful analysis of the specimen after th(,

exposure often assists i. understan(ling .rid

amtlyzing the data. This i)ost-nlorlent should

include ehelniea], sp(,('lr(_g/'aphie, anti pholo-

mierographie studios of lhe surfa('e material.

1.0
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56mPERIODIC HEAT FLOW

CYLINDER ROTATING IN

WITH A VIEWING

IN A HOLLOW

A FURNACE

PORT

BY B. A. PEAVY AND A. G. EUBANKS

NATIONAL BUREAU OF STANDARDS, WASHINGTON, D.C,

A rotating-specimen furnace has been designed and constructed for use in determining
the thermal emittance, both spectral and total, of materials in the temperature range 1300 °
to 1800° K. In this apparatus, a hollow cylindrical specimen is rotated at constant speed
in a concentric cylindrical furnace with heated wails, and the radiant flux from the specimen
surface is measured as it passes a small viewing port.

An analytical method is given for estimating the surface temperature of the specimen
as a function of rotation speed, thermal properties of the specimen material, and system
geometry.

The apparatus is described, and data obtained with the specimen rotating at slow speeds
are compared with values predicted by the analytical method.

A rot, ating-specimen furnace has been de-

signed and constructed at the National Bureau

of Standards for measuring the thermal
emittance (both spectral and total) of nonme-

tallic solids in tile temperature range from 1300 °

to 1800 ° K. In this apparatus, a hollow

cylindrical specimen is rotated continuously in

a concentric cylindrical furnace with heated

walls, and the radiant flux from the specimen

surface as it passes a small viewing port is
measured with a suitable radiometer. In

passing the viewing port, the surface is lowered

in temperature by heat transfer to surfaces at

or near room temperature and the magnitude

of this reduction is dependent upon both the

speed of rotation and the thermal properties of

the specimen. Previous investigations (ref.1,

2, 3, 4, and 5) employing the principles of the

rotating specimen furnace did not present an

analysis of this temperature w_riation.

The present paper gives an analytieal method

for estimating the surface temperature of the

specimen as a function of angular veloeity and

thermal properties of the speeimen material.

The purpose of this investigation was to deter-

mine reasonable speeds of rotation at which

surface temperature changes become negligible.
The surface temperature nmst be determined

quite accurately for computing emittances and
consideration must be given principally to radial

temperature gradients in the specimen, espe-

cially if the specimen material is of low thermal

conductivity or diffusivity.

As the specimen rotates in the furnace (fig.

56-l), an area of its surface gains heat prin-

cipally by radiation from the furnace walls, and

loses heat at the viewing port during the
portions of the cycle when the respective sur-
faces are seen. Because this is a continuous

operation, a steady periodic heat flux boundary

condition, as illustrated in figure 56-2, is
assumed at the outer surface of the hollow

cylindrical specimen. A zero heat flux is
assumed at its inner surface.

Concurrently with the analytical treatment,

experiments were conducted with the specimen

rotating at slow speeds, and the temperature

changes thus obtained were compared with the

values predicted by the analytical method.

MATHEMATICAL DEVELOPMENT

General Analysis

For conduction heat transfer in the hollow

cylindrical specimen it is assumed that there
is no flow of heat at the inner radius r=a, and

that the heat flux at the outer radius r=b is a

$53
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[ FWATER-COOLED VIEWING

r_7 o / PORT WITH PLATINUM
./_ 13 REFLECTOR ON OUTSIDE//

36. ',, _'_ /'_

1\\ _ _ ;- PLATINUM-WOUND
H
_ FURNACE CORE

_ [ _. z _

FMBEODED _,//" __"_- ROTAT IN GSPECIMEN

THERMOCOUPLE ! I I

_-_-- 0.984"D

FIGURE 56" 1 .-- Cross, so("( iol_ 1 hrou_h rotating spe('Jlnvn

furnace alld viewin_ l)ort with dimensions and

an_ular positions,

+2 r T--T I

Fi

I I

A B

FOR EOUAL AREAS

v,= v, _-o+a(i-_

periodic fum'tion of time. As shown in _'en-

eral terms in fi_ure,%-2. I", represents t he average

heat flux radiated to lhe speeimen surface from

the furnace wa]ls durin_ the lime period A to B.

and /_'_ is that radiated from the specimen .s it

passes the viewing port from l) to E. The

times A, B, (', I), and E, are arbitrary and arc

proI)(.'ti,med t_) the period T of one revolution

of the spe,.imon.
The ,'urvcd lines between 0 and A, B and (7.,

(' and D, .rot E and 1.0 are quadratie curves

('tmsen to _ive heat flux continuity

lhrmaV'l..ll, and slope continuity at A, B, g,

amt E. By selecting the designated times,

('}nthgcs ill IlLC ('()rlt()ur can be made, and the

('ontimfit 3 (,,mditi(ms used give faster con-
VCl'_eTwe _>t" 11/(' I_,)uricr series into|veal ill the

amdvsi-< The amplitudes of the positive and

negative fluxes are adjusted so that the summ.-

l i_,n over tho ,T('le (,f the _trea._ above and below

the z,w,, lt.x lira' is zero. By this adjustment.

a stc.,lv I),'ri,.lir cmMili.n is assured.

As lh(' ('3-lin(h'r rolates, a point P (r=h,

_i (m tlw surfa('e experiences _t flux eyeD.

ASSu.lilLL" th(' ,'vlin(ler stationary and the fur-

na('e r()l_tilu,:, with it period T, a ('.mplex form
_)t' a F,.]rim" series

(_ • _ E "' 2n'rrt

+ conjugate) (1)

can be used to describe the arbitrary periodiv

flux functior| which serves as a boundary con-
dition, k is the thermal eonductivity of the

speein|cn, 0 is the ten|perature departure from
the ._c|m tcmperature of the system, ,p is an

arbitrary angular position within the specimen
and

P" (2n,_-) _ I--E A_-D ('

sin 2mrB ,
,,/-/4]', + ((D_OF

1 _ 2r (' (sin 2n_-K

sin 2_trrD'_
- jl'

(_" - (2._)'-' (; B (i

2 Vl--cos 2nrrA cos 2n_rB

(2_rr) :_L - -'1_ + (('--B) _

.... _[):-(':),+ ((_- N_ cos _,,,-('

2n_rD 1--cos 2n_rE
+_ cos_:__ (i --_.)_- - "J ]'
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To yield a zero net flux over the cycle, F_=¢FI
where

B--A+2C
_b=-E_D+2( 1 --(7)"

The partial differential equation for conduc-
t,ion heat transfer in a homogeneous material,
where heat flow in tile axial direction is ne-

_lect, ed, is for polar coordinates (r, ¢)

02o+1 _._ 1 iYo 1 _o o (2)
_-_ rOr r2_2 abt

where a is the thermal diffusivity. Substituting

O=f_:.(r) Exp[±i(_o+_)], n=l, 2,3,....
L,..\--/...It

(a)
in equatioti (211 gives

,,+1 , .FI±2/t_/G= 0
.f. r./_.-/± Lr_ _7 _J " (4)
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Equation (4) is a first order modified Bessel

equation and its general solution is

.f:s.-_A4±.Ii (r_za i±')+N+_K, (_ i ±') (5)

where z2=2u_/(aT/a2), and li and Kl are first
order modified Bessel functions of the first and

second kind, respectively. Substitution of

t)ourMary conditions dO/d:_=O at r=a. and

equation (I) _t r -b, in the first derivative of

equation (3) gives a solution for 5I and N, and
yields

F,a _ ( z L. Exp

+ [P"--iQI L" Exp [--i (_+_)] }z (6)

L=t=n _

,'"_ Ill' (ba!,Y-_i)Ki' (zV! i)--Ki' (b_ ,i_) Ii'z"/-_)]

where

X.(x; y):berl'x ]cerl' y--beil'x keil'y--

berl 'y keri' x + bell ' y keil 'J

Y. (x; y) - bert'x kei_ 'y + beit'x ker_'y--

berl'y kei_'x--beit'y kert'x

/_,(X: y) = berlx ke#'l 'y-- beilx keil'y--

ker_x be rl'y + kei_x beil'y

S.(X; _.l)=bet'lx _'eil'l/+beiix _'erl'y--

ke rl_ bei_'?l-- keilx berl 'y

which are ot>iained from the identities (6):

i_:_I_ (x'¢ ± i} =: berix ± i beiia"

i:e:q'zL '0,_, ' ± i) = ber_' _ ± i beil'x

I'

i:elK1 (x_ :_ i) = kerlx ± i keilx

i-+i"2Ki' (x_,' ± i) = kerl'x ± i keil'_"

Rationalizing the denominators of L, equation

(6) becomes

Ok " U"c°s(_-_+_)--V"sin(_ +_)

F,a=2 z(x.'+ r.')
(7)

where

U.=II.(X.I'.+Q.Y.)-S.(Q.X.- Y.P.)

V.= R.(Q.X.-- Y.P.) + S.(X.P.+ Q. Y.I

The expressions for 1'. and Q. contain, and

their values are fixed by, the arbitrary wdues

chosen for A, B, (', D, and E (fig. 56-2).

Accordingly e(luation (7) can |)e represented
using dimensionless parameters in the following

functional form,

Ok [ AT, b, r, T ) (7a)F,_-g t--g 7_

assuming the anguhu" position +=0.
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Radiation Geometry Considerations

The convection and conduction heat transfer

across the +tit' space between Ill(, specimen and

furlmce surfaces is ;tSSlllllOd to be negligible,

and tie,It transfer I)v rndiatiun only is considered

ill tile determinatiort of l+'_ for use ill

equation (7).

Referring to figure 56:1, a poin't P on the

rotating specinwn surface will see tile walls of

the writer-cooled viewin_ port when within an

angular disphwemenl o[' about 36 ° befm'e and

after pnssi]lg these walls. The geome'try of the

tlrr+lllgC'llteltt +tll(] the different emittnnces of

1he sm'fa<,es involved make an exact analysis

of this problem rift+rally impossible; so it is

assumed that F_ is equal 1o tile average heat

flux between the two stJrfa(,es when the point

l > of tile cycle sees only the furnace walls,

involving a to'tal angle of ahowt 248 ° of tile

cycle. The net bent flux to lhe specimen

within the two 36 ° angles will be smnewtw_l
less due 1o r_utia'tion t,) the cohter veiwing port

v,-alls, The lime dimensiov_s ns shown on

figure 56 2 nre assumed h'om the above con-

sidera_i(>l_ 1(> })e: A=:0.1, B=0.79, C=0.89,

D=0.927, E-: 0.963, and '-I'=9.65.

The ,+(mtW, ll_tti(m for F_ then be<,omes

i

£ TL( +

/+,...... o- -A--, T+++"=_ (s;)

0- is tile S(et'al>lt(dtzinantl constant, 5.67 X 10 -J2

,x/cnt 2 1( _', _ is tile emi'ttance, T is absolute

lenq)et'+vtttrc, +t is tile surface area, and sub-

scripts l and :2 refer to properties of the speci-

men and fu]'nace surl'aees, respectively. The

summati_m is taken from temperature detertni-

nations ['()t' p intervals in the region where a

point ,:,n +he specimen sees only the furnace

wall. The +temperature of the furnace wall is

+tSSllllled 1<1 remain constant.

Numerical Solutions

Numericnl solmions to equation (7a), 'with the

time din,ensions as given above and with ap.

1 I i I 1 I I I

-I.2

-1'6 t

r

_-= 1.0

_= 1.4

}=1,372

I

0.9
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propriate experimental dimensions, were com-

puted by a digital computer. Figure 56-3 is a

plot of Ok,/Fta against UT for aT/a2=0.5885

(corresponding to the experimental speed of l

rpm), and for r/a-_ 1.4 (specimen outer surface),

1.372 (an embedded thermocouple), and 1.0

(specimen inner surface). For a particular

specimen with k, a, and F_ remaining (,m_stant,
the temperature difference 0 varies above and

below the mean temperature of' the cycle

represented by 0=0.

The maximum change in Ok/F_a during a

cycle of period T is <tenoted by ¢[=f(aT/aL

b/a,r/a)], illustrate<t on figure 56-3. Figure 56-4

shows q, verst_s aT/a 2 for" b/a= 1.4 arm various

values of r/a. Figure 56-4 shows that a reduc-

tion of the temperature fluctuation occurs with

distance into the specimen, and with an irr-

crease in the rotational speed, which is inversely
proportional to the period T.

EXPERIMENTAL APPARATUS AND PROCE-
DURE

Figure 56-5 is a verti<'al cross section of the

rotating-specimen furnace, and figure 56-6 is a

photograph of the fm'na<'e anti accessory parts.

The l_(s-ineh I D alumina tube surrounding the
specimen is wound with platinum-20% rhodium

wire, with taps to adjust power input into the

center an(1 end sections. The center winding

is continvous to ?he edges of the hole that is

(,ut into the tu])c to permit entran('e of the

viewing port. An outer "booster ('oil" is pro-
vide(l, as shown in the figure, to supply ad(li-

tional heat to the central portion of the furnace.

The temperat_lre of the furnace is thermostati-

cally controlled t)y a recorder-controller actu-

ated by a platinum:platinum-10% rhodium

(Pt :Pt-10% Rh) thermoeouple embedded in the

wall of the furnace tube. The heater and ap-

paratus were designed to opecate in the tetn-

perature range from 1300 ° to 1800 ° K.

The viewing por_ was machined from solid

copper. A radiation shiel(l of platinum foil

surrounds the outside sm'fa('es of tire viewing

port., including the edges that face the specimen.
The inside surfaces are coated with a black beat-

resistant paint. The inner fa('e of the port was

machined to a c._din(h'ica] surface of 0.503-inch
radius.

I I I I I

.5 tO

FIGVRE 56--4.--Plot of '1' versus aT/a= for r/a=l.4, 1.372, 1.32, and 1.2.
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.... PLATINUM

f RADIAT ION SHI[LD

COPPER

+7 VIEWING PORT

The furnace shell is sealed so that tile speci-

men may be heated in an inet't atmosphere, as

well as in air. Power leads and thermocouple

leads are brought out t.lw,ugh glass-metal seals.

while O-ring seals are used for the shell ends, as
well as the viewing window. Tile Teflon thrust

bearings provide a gas-tight seal at the p(,int

where the spindle shaft which supports the
specimen enters the shell The entire furnac(,
shell is water cooled.

The spindle is driven tht'ough a gear reducer

by a ?_-hp motor. The t'otati[m ,ff the specimen

can be adjusted to _my speed in the range ft',m)

1 to 300 rpm.

The specimen is a hull.w cylinder with

nominal dimensions of 1-inch outer dimeter by

1 inch high, with };-inch walls. Pri(>r to tesl.

each specimen is surface ground so as to be

cylindrical to ±0.002 inch. The alurnilm sup-

port tube, or pedestal, was stlrfaee-gr()und t.o tile
same t()lerance. The inner surfaces of this

tube are surface-grmm(l near both en(ls so that

the alumina support plug can be inserted with

a slip fit in the top and the stainless steel

spindle could be inserted into the support tube
witli close tolerances at the bottom, Three

stainless steel strips, spaced 120 ° apart, project

up from the spindle outside the alumina support
tube. Each has a steel centering screw at the

upper end 1hat bears against a strip of stainless
steel foil att_ehed to the tube. These three

screws at, used for the final centering of the

specimen. The temperature in the center

cavity <_f the hollow specimen is observed by
means ,,f a calibrated thermocouple suspended
fi'om ab(,ve and shielded from extraneous

radiation.

Expm'iments were carried out t() determine

how the temperature near the surface ()f a

non-metallic specimen fluctuated as the speci-
men r<>tated in the furnace and also to determine

the rotational speed that was required t()

virtually eliminate temperature differences from

the inner wall of the specimen and at. a point
near the outer wall.

A c,mrse-gq'aincd alumina refractory was
selected f(,r this investigation as a suitable non-

metallic m_tlerial. A specimen was prepared

of this nmterial by first forming a cylinder and

then tfi'ing it to about 1250 ° K to give a soft

machinable structure. After finishing to the
desired siz0 :rod shape, as specified above, a

small +zr(,<,ve was machined circumferentially in

the out el' w:dl surfa('e midway between the two

ends. A butt-welded Pt:Pt--lO%Rh thermo-

couple Illade ,,f calibrated wire, 0.005 inch in

diameter, was placed in this gq.oove, with the

h'a(ls Imssittg through twu holes that had been

drilled thr,mgh the specinlen wall at points

nearly <{iatt+<,lrieally <,pp<_site t<; the bead posi-

ti(>n. The h,ads ft'<m_ the thernmcouph, were

then l)t,,tl+Zt+t (h)wn through the support tube
and sl)il,lh' assembly to a slip ring wills silver-

i<)-sliver e+)tlt+_(qs at the t)ott_>m ()t' the spindle.

q'_I,' (I('pth of the thcrn._c,,uplc bead was
Illeligtll'tq{ tisl({ the center-line ()f the bead was

f(_llnd t,_ I_(, 0.()l() inch below the outer wall

surface ,+f the specitnen. Next, the groove

with t},' _}+ermocouph, wire in position was

filled wilh an excess ()t' the alumina refractory

and the spe('imen fired ttt lS0() ° K. The final

opet'ati_,ts c(msisted of sut'faee grinding the <mi-

st(h, ,,f _}_, specimen until the excess material

had bevtt fir<rand flush with the original surface.
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\

FIG(TRE 56-6.--Rotating specimen furnace and accessory equipment.
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Tile finished speein.,n was unif<)rm in appear-
anee and free from surface cracks.

Data with the ah, mim_ specimen were ()t>-

tained at various speeds ()f r,tation. The

lemperature .f the cmbe(hled thermoeouph,

change(t as the specimen r,_lated through 360 °,
The termperatures were ()brained with a Leeds

& Northrup type K I).tentiometer by observing

the deflection ()f lhe ga]vatmmeter spot as a
funeti(m of the anguhtr Imsiti<m (ff the ther-

mocouple and at)averting lhese readings t()

temperature.

RESULTS

The average observed lemperature variation
of the embedde<t therm<)('<mple as a function

of angle is shown in figure 56-7 for speeds of 1,

1.5, 2, and 2.5 rpm, wit]) the furnace wall tem-

perature maintained at 1430 ° K. The (h)tted

vertical lines show the angular positions of the
outside edges .f the viewin_z p(wt. The nlaxi-

mum temperature change (>f the thermocouple
as a result of passing the viewing port decreased

systematically from 100 ° K at 1.0 rpm to 64 ° K

at 2.5 rpm, which was the maximum speed at

eo izo _ec zoo zao zeo _2o 3¢¢

ANGULAR POSITION OF SPECIMEN
T_E_OCOUPLE- &EOREE$

[:i(;URE .5{_7. Temperature of cmhe(hh,d thermo-

c()uph: vvr'sH_ :u_zllhtr p.--ition of thermo('<)Hph'.

which measurements of this type could be made

by the g'alvanometer method.
The maximum temperature reached by the

embedded thermocouple while it was in the hot
zone (d _he furnace decreased as the rotation

speed was increased, but the mean temperature
during a cycle remained constant within 2c 1° K

for all relation speeds, at approximately 1362 °

K. The mean temperature during a cycle was

at)ow_ the minimum temperature by approxi-

mately _:l_ of the maximum temperature

change.

Other lests were performed on this specimen

over a wide range of rotational speeds and at
different furnace temperatures where temper-

atures (>f the embedded thermocouple and

shielded thermocouple in the center cavity of

the hollow specimen were observed. For rota-

tit>hal speeds from 10 to 360 rpm, the mean

teml)eral ttre of the embedded thermocouple was

within +: l ° K of the temperature of the shielded

thermoc(mple. These results indicated that the

shiehted therm<,couple will give the mean tem-

perature of the specimen within reasonable

limits of speeds. Below 10 rpm, the tempera-
ture of Ihe shMded thermocouple was 3-5 ° K

above the mean temperature of the embedded

thernmeouple, the latter computed by adding

63% of _he maximum temperature change to

the minimum temperature.

ANALYSIS

For the purpose of the mathenmtieal analysis

the pertinent properties of the alumina test

specimen were determined, or estimated from
the lit erat urP, as follows:

thickness, b-a =0.357 cm (0.141 in.)

density, p =2.16 g/em '_

porosity = 38 c_

specific heat eq. (7), c = 1.3 w-sec/g.°K

thermal c<m<hwtivity_

eq. (S), k=0.020S w/cm°K

thermal diff_sivity, a =0.0074 amP/see
emit.tance, _ (estimated) =-0.4

[rots|de radius, b = 1.25 em (0.492 in.)

insi<te radius, a =0.893 em (0.352 in.)

radius at thermocouple = 1.225 em (0.482 in. )

From these data, ¢=(0.00931 T, 1.4, 1.372)at

the ]>()siti(,n of the embedded thcrmoc<)uple.
V.dues ()f + are shown in figure 56-4, and the

maximum .hange in temperature at any radial

p_)siti<m durin_ nny cycle is A0=42.,q2 4,F_.
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F_ was computed using equation (8), in which
the emittance of the furnace wall was assumed

to be the same as that of the specimen. The
temperatures T_,, used in the summation of

equation (8) were the observed temperatures of

the embedded thermocouple. Actually, the

temperature of the surface in passing through

the heating part of the cycle should slightly

exceed the embedded thermocouple tempera-

ture, as can be seen in figure 56-3. The slight
difference between these two temperatures can

be calculated using the value of F, obtained

above, and applied as a correction to Tz,, for

computation of a better 'value of F,. This

correction was not considered for this paper.

This is shown in the following table, in which

parameters for the four tests are given, and also

the amdytieally calculated, and the expert-
mental, values of 58.

Rotation FI (eq. @, (fig. 2,0, °K(r/a = 1.372)
Speed, rpm (8)) w/cm_ aT]E 56-_) Analysis Experiraent

1.0_ I. 084 0. 558 2. 18 |01 101

! .5___ I, 087 , 372 l, 70 79 85

2.0___ 1. 081 . 279 I. 46 68 73

2.5 .... I. 108 . 223 1. 27 61 64

Figures 56-S and 51i-9 were plotted from the

analytical solution assuuling F_ was constant

irrespective of rotational speed. (turves A

and B of figure 56-8 show the maxiinul_ tem-

perature change, A0, at the surface and the

position of the embedded thermocouplc, re-

spectively, versus the rotation speed. Curve (_

of figure 56 8 shows the temperature change of

the specimen surface in passing from one edge

FURNACE TEMP 1430°K

I _ SPECIMEN MEAN TEMP 13EZ°K

ioo _ F I I 087 w/cm _ -

I _A°l

ROTATION SPEED - RPM

FIGURE 56 8. -Temp_,rature departure versus rotatioi_

speed: A--Maximum t(qnp(,rature change in one

revolution at, sp_,cimen surface, r/a=l.4; B--

maxinlilm temperatuw change in Olle revohition at

position of el,bedded thermocouph., r/a= 1.372;

and C--temlx_rature chang(, ut sp(_c[lnen surface

from inside edge of viewing port to other inside edge.

I I 1 I I
FURNACE TEMR 1430°K

1370 -- SPECIMEN MEAN TEMP 136L::_
PI 1,087 w/cm i

9=0 447 RPM

2.23 RPM

1,12 RPM

1520

1310
.005 .010 .015 D20 .02,5

DEPTH FROM SPECIMEN SURFACE, cm

Fi(Iui_E 56-!i. Specimen temlx, rature at center of

viewing port openin_ versus depth from specimen

surface for various rotation sp_,eds.

o

/_r 1350

I--

hi
O.

of the viewing port to the other edge. An

optical pyrotueter focused on the specimen at

the two edges of the viewing port opening should

see the teniperature difference indicated by
curve (', if the specimen surface is opaque to

radiation. The temperature difference across

lhe viewing port, when determined froln meas-
urements inade with an optical pyrometer, was

found to be approximately 32 ° K at 2 rpnl and

2 ° K at 50 rpm.

Figure 56-9 shows the specimen teniperature

as a function of depth from the surface for six

rotation speeds for a position at the center of

the viewing port, assuming a mean temperature

(O-----0) of 1362 ° K. According to this analysis,

fairly high rotation speeds are required for the

porous alunlina specimen before the tempera-
ture of the shielded cavity thermocouple can

be accepted its a good approximation to the true

temperature at or near the specimen surface.

The factor,/_;, of equation (Ta) was computed

from equation (8), where the summation term

was determined fronl experimental tempera-

tures of it thermocouple embedded in the speci-
inen. For the emittance tests to be conducted

in this apparatus tilere will not be an embedded

therniocouple. The experimental data seem to
show tiiiit the suninlation term can be approxi-
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mated, for this apparatus, by

P

Z; T_,2
,_=1 (T., + T_) 4

P

where T,, is the mean temperature, approxi-

mated by tile temperature of the shielded

cavity tlwrmocouple, and 7"_ 4.0, for experi-

ments with speeds from 1 1. 2.5 rpm. With

F_ comt)ute(l from this approximation, the

temI)erature at the center of tile viewing porl

opening, T_=-7',,,--gF¢l/Ir, ran be computed

from figure 56 10 for a specimen whose lhermul

properties are known and whirh has a relation
speed of period 7'.

SUMMARY

Equations were developed analytically for
computing ('yclic temperatures of a hollow

_:oj f 1 -- T - ! -- 1 7 f

r/a z

FmUI_E 56-I(I.- Plot of Ok. Fla--g(aT/a _, 1.4, r/a,

0.9'15)-_'q. (7a)-vvrsus aT/a 2 for r/a=l.4 and

1.372, where g/T =0.!)45 i_ lhe center of the viewing

port opening.

cylindrical spe('imen rotating in a furnace with
a viewing port as a function of system geometry,

rotational speed, thermal properties of the

specimen material, and a derived average heat

flux for the portion of the cycle when the speci-

men is being heated by the furnace. Simplify-

ing assumptions were that (1) the heat flux
history at the outside surface of the specimen

for one eyrie is as shown in figure 56-2, (2)
there is no heat flow at the inside surface of the

specimen, und (3) there is no longitudinal heat

flow in th. specimen.

A eomlmrison was made between specimen

temper,ltures romputed analytically and those

ohtaine(t (,xlwriment_tlly at low speeds of speci-
men rolnthm. Agreement within 6% was

obtained, _1 rotational speeds from 1 to 2.5

rpm, in r(,_ard to the maximum temperature

change o('('urring at the position of an embedde(t

thermo(',mllh, 0.01 inch under the surface.

This agreement seems well within possible ex-

perimenlal error an(l uncertainty as to the

thermal l)rol)erties of the specimen material.

The ,analysis showed that the surf_tce tem-

perature of the specimen, at the center of the

viewing per( opening, was substantially lower

than the moan temperature of the specimen at

low rot_ttiomtl speeds, but. the departure was

reduce(t to within 3 ° g at about 450 rpm for
this (.ase. Because the error in surface tem-

perature acceptable for emittance determina-

tions is less than 1° K, a function is given

_zraphieally (figure 56-10) with which the de-
parture c_m be estimated for various speeds in

this a ppar_tus.
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57NTECHNIQUES OF MEASURING NORMAL
SPECTRAL EMISSIVITY OF CONDUCTIVE

REFRACTORY COMPOUNDS AT HIGH

TEMPERATURES

BY T. R. RIETHOF AND V. J. DeSANTIS

GENERAL ELECTRIC COMPANY, PHILADELPHIA, PENNSYLVANIA

Techniques for measuring the spectral distribution of normal emittance over a wave-
length bandwidth of from 0.4 to 5_ and up to temperatures of 3000 c K is described. Special de-
sign features of the apparatus for heating the specimen, controlling specimen cavity atmosphere
and semi-autmnatic recording of emittance are discussed. An approach to specimen charac-
terization is proposed and the emittance of the borides of niobium, zirconium, and titanium
are presented. In addition, the normal spectral emittances of zirconium, hafnium, and
tantalum nitrides are described.

[n recent years tile use of materials at very

high temperatures has become very important,

and as a result interest in the high-temperature

physical properties has also increased. One

physical property that increases in importance

as the tcnlperature increases is the thermal
radiation of solid materials.

The thermal radiation of a unit area of an

opaque solid may be expressed as a function

of its temperature and its emissivity (el. Emis-

sivity is the dimensionless ratio which compares
the radiation from the material under consid-

eration with that from an ideal radiator (or

blackbody) at the same temperature. Emis-

sivity may be c.onsidered total or spectral,

depending on whether one compares the radia-
tion over all or over just a narrow portion of

the entire spectral region. Geometrically the

radiation may be characterized as normal or

hemispherical, and consequently one can con-

sider either normal or henfispherical emissivity.
[n the remainder of this paper the term

emissivity will refer to the spectral normal

emissivity.

In an opaque solid, light penetrates only a
short distance into the material and, as a result,

thermal radiation characteristics are strongly

influenced by surface inhomogeneities which

are large compared to the wavelength of the

radiation under consideration. Worthing (ref.

1) has used the term emittance as the ratio of

the emitted radiant flux per unit of area of a

specimen to that of a blackbody at the same

temperature and under the same conditions,

and has defined emissivity as the emittance of

a material that has an optically smooth surface

and a thickness sufficient to be opaque. In all
measurements that will be discussed at least

an attempt has been made to produce "optically
smooth" surfaces, and hence the term emissivity
will be used. Kirchhoff's law relates the re-

flectivity to the emissivity, and for an opaque

body it indicates that the sum of the two

dimensionless quantities is unity. Careful ex-

amination indicates that the complement to

the normal emissivity is the henlispherical (i.e.,

diffuse plus specular) reflectivity.

The authors gratefully acknowledge the help-
ful contributions of P. Gorsuch, D. A. Donatelli

who performed the experimental work, and the
U.S. Air Force who sponsored this work under

Contract AF 33 (616)-6841.

APPARATUS

General

By definition, l,he spectral etnissivity of an

opaque solid is the ratio of radiation from an
area of its surface to the ra(liation from the

$6S
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same tu'ea of a blackbody radiator at the same

temperature an(t over the same narrow wave-

length interval.

In prin(,iple then, an apparatus for measuring

emissivity, that is, an "emissomet:er," will con-

sist of _ specimen, a eompm'ison blackbody or

secondary standard, a means of heating both
specimen surface and reference to the same

(or known) temperatures, a device for dispers-

ing radiation speetrally and a detector to

measure the intensity of the radiation. Auxil-

iary equipment must include an optical system

to transfer radiation from specimen and refer-

ence through the monochroma, tor to the (tetec-

tor, and electronic devices to permit the

measurement of the detector output as a

function of wavelength. It is also necessary
to have a device to measure the surface tem-

perature of both the specimen and the refer-

enees, and to be able to control the environlnent
in which both are hea.le(l, lo re(tuce undesire(I

surface effects.

Since it was desired t_, study the speetr_rl

emissivity of refract(_ries at tempera.tufts up

to 350(1 ° K or higher, it seemed advisable t()

consider RF in(lucti()n heating. This has

been used successfully by Nhrrple (ref. 2) and

Blau (ref. 3), ,mong others. An altermtte
method would have been to use radiative heat-

ing, using a solax or arc-image furnace. Previ-

ous difficulties encountered by Metzger (ref. 4)
with the latter method confirmed the decision

in favor of induction heating. These diffi-
culties included lack of source constancy, lack
of sufficient heat fluxes to attain desired

temperatures, and inabilily to separate emitted

and reflected radiatbm adequately. It shouhl

[)e pointed out, however, that the advent of

more compact and powerful image furnaces,
such as the one now available from Arthur D.

Little Iueorporated. which use sta|)ilized high-

temperature arcs and elliptical mirrors, makes
this technique definitely useful as a source for

tile study of spectral emissivity, particularly in

the case of nonconducl[)rs, which are ditficult
to heat by RF fields.

The other choice is in the technique used to

determine the emissivity itself. It is possible

to measure the flux from the specimen and

from the reference separately, using the mono-
ehromator-detector combination to measure

relative flux. This permits using separate,

accurate, blackbody cavities, and also permits

separate environments for the specimen and
reference, if this should be desirable. On the

other hand, it requires either maintaining the

reference and specimen at the same tempera-

ture, or knowing accurately the temperature of

both specimen and reference. A slight modifi-
cation of this method involves using the black-

body to calibrate the monochromator-detector
combination as .an absolute intensity measuring

device, and then measuring the actual radiated

flux from the specimen at a later time. (ref. 3)
All of these methods suffer from the common

difficulty oJ" determining the temperature of

the specimen surface. Once one passes the

upper limit of usefulness for thermocouples,

temperature is measured from the thermal
radiation characteristics of the source. Meas-

urements can either make use of brightness

temperature, which requires a knowledge of

the emissivity of the specimen at the wave-

length under consideration (usually 0.65 g) as

a function of temperature, or of the variation

of spectral radiant flux with wavelength, which
requires a knowledge of the variation of spectral

emissivity with wavelength.

One method which avoids all of these diffi-

culties is ta have the blackbody reference

incorporated in the specimen being investigated.

Under these circumstances only two conditions

must be fultilled: namely, that the reference is

an adequate blackbody, and that the tempera-

ture df the cavity is the same as that of the

surface. 'Fo some degree, the errors in these

two conditions tend to compensate each other,

for if the eavikv is not quite "black," it radiates
less and tends to get to a higher temperature,

since cooling is mostly by radiation and the

inside of the cavity can radiate only througb

a small solid angle. This technique has suc-

cessfully been used by De Vos (ref. 5) and

Marple (ref. 4), and was also employed in

the present system.

As indicated above, the emissometer consists

of a source unit, external optics, a monoehro-

mator, a detector, and electronics. Important

auxiliaries are tile specimen chamber and the

optical pyrometer. Figure 57-i is an over-all

view of the cmissometer. It shows the specimen

chamber (_) with the primary coil of the induc-

tion heater (2). The external optics are
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FIGURE 57-1.--Overall view of emissometer: (1) specimen chamber, (2) induction heater coil, (3) muffle furnace

for purifying argon, (4) Perkin-Elmer model 112 monochromator, (5) constant energy slit servomechanism,

(6) three-stage metal oil diffusion pump, (7) 2-inch vacuum gate valve, (8) micro-optical pyrometer, (9) cold

trap, and (10) Phillips gage.

between the specimen chamber and the mono-

chromator (4). One detector is inside the

monochromator, and the other can be seen

at its left rear. The electronics and recording

system are out of the photograph at the right

front, and the induction heater is located be-

neath tile table surface, underneath the speci-
men chamber and monochromator.

Operationally, the emissometer consists of a

source unit for heating the specimen, external

transfer optics to provide alternately an image
of the blackbody reference cavity and an

equivalent area of specimen surface, the

monochromator, detector, sorting cams and

choppers, and electronics.
Each of the emissometer components will

now be considered in some detail.

Source Unit

The source unit must produce uniform,

constant, high temperatures in both the speci-

men surface and the reference blackbody in

such a manner that only radiation by these two

objects can be observed. Ideally, the sample

alone would be heated to an appreciable degree.

A high-intensity induction light source that is

manufactured by the Sylvania Electric Com-

pany (model RFS-4) vet 5- nearly satisfies these

conditions. This is the same unit used by

Blau (ref. 3), and this description is patterned
after his.

Figure 57-2 is a diagram showing both the

source unit, as modified for the present study,
and tile specimen chamber.

The induction source consists of three coaxial

692-14G. 0--63--37
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elements: the-primary induction coil (item 2 in

figure 57-1), a water-cooled concentrator, and

a specimen and a specimen support. All of

these elements were used as supplied with the

light source. A Pyrex cylinder--part of the

specimen chambel .... separates the primary coil
and the concentrator. The sample (figure 57-3)

consists of a small rod h/ in. in dialneter and h/in.
long, which is mounted in a hollow zirconia rod.

The specilnen is so located in the concentrator

that only the ).4in. back from the surface portion

is in the nta[n RF tield, the remaining length

being heated by conduction only. The zirconia
rod serves to reduce heat loss to the remainder

of the systetn. The eoncet+trator, which serves

to increase the electrotnagnetic coupling be-

tween the primary <'oil and the sample, is a
water-cooled <wlindrical metal shell open on the

lower end. A cireuhu" opening slightly wider

than the satnple is centered at. the upper end.

The hole connects with a narrow slot (not

shown in figure 57-2) running across the upper
face and down the side wall. The hole-slot,

geometry acts to increase the (tensity of the

current induced in the sample in the inmtediate
vicinity of the front surface of the concentrator.

Electrically the concentrator may be considered

a two-turn loop that _wt.s as an irnpe(lauc(,

match between tim st)e('inten and the primary
induction coil. Blau (ref. :_) indicates that the

...... * ! -

I_I(IURf; ,57 2, - _lldllC{,iOli furnace ernissonlet_r source

unit and ._p(.eimen chamber.

250 DIA

TO BE CONCENTRIC

WITHIN .003 TIR

Fv;(_: 57 3, l':missivity specimen design,

coupling is so efficient that temperatures in
excess of 4()I1()° K can be obtained with _ 7-kva

input to the power supply. In the present.

study, temperatures of about. 3200 ° K have

reached by operating the EF power supply at

about 75_ of capacity.
Tlw (,oneent rater is inside tbe glass specimen

chamber, and it is supported by the copper
wat.er-(.o,)led lul)es that are attached to a metal

plate an,I iubing assentb]y, which in turn is

held by flanges to the far end of the specimen

('hatnl,m'. '['he sl)ecimen is supporte<l in the

zirmmbt, tut)P inside the concentrator. It. may

be rendered by either removing the entire con-
central or _>seml)ly, or by removing the window

at the ()t her et_d. The entire st)ecimen chamber

_t)<t _u.\ilb.,rv glass systems were built with

st.aml,rd ['\rex pipe and fillings. The chamber

itself is a Pyrex cross, the long section being
3 in. in diameter, and the short section I in. in

diameter. Stau(lard Pyrex tubing is used be-

tween the (,oncentrator and prhnary coil, and
the tut)ing diameter is then further reduced to

the next smaller size of standard glass pipe.

The 2 in. window, either quartz or calcium

fluoride, is actually heht t)y flanges to a water-

eoole(t ('of)per ring, which in turn is held to the

g|ass pipe. All seals use O-rings to insure a

vacuum-li/ht syslem. One side arm (left in

fig. 57 1, top in fig. 57-2) of the specimen

chamber h'ad,_ to a junc, tion, coht trap, valve,

and va(.uutt_ system. It was necessary to insert

t)r_ss, vacuum-tight bellows between the speci-
men elmn_i,t,r _m(l the renminder of the vacuum

systen_, in order to prevent leaks due to the

stresses produced during the replacement of

specinwr>. Both the cold Ira]) and the cross

used l_ alt_t.ch the Phillips, cold cathode, vacu-

um _e m_J rough pun)ping line, m'e st andart]

Pyrex pipe ('otnponents. To insure maxhnum
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pumping speed, all components between the
chain her and diffusion puml> are large diameter.

and vacuums of 10 -7 mm IIg (indicated on the

Phillips gage)are obtained when the trap is

filled with liquid nitrogen. Compressed air is

used to cool the hot portion of the specimen
chamber walls.

The other side-arm of the specimen chamber

leads to a pressure gage and to a purifying

train and argon cylinder. While the system

is designed to operate with any desired environ-

ment, the present procedure has been to operate

either in vacuum or in an argon environment.

The argon (99.996%) is prepurified by passing

over titanium chips heated to about 1000 ° C

in the muffle furnace (item ,3 ira fig. 57-1).
The reference source is a blackbody cavity

drilled in the specimen. As indicated in fig.

57-3, the hole is about 0.02 in. in diameter and

0.08 in. deep, giving a depth to aperture ratio

of 4. The dimensions are a compromise be-

tween a large diameter, which is needed to

obtain an adequate signal since the hole diq, m-

eter determines the size or the (slightly smaller)
mask over the monoehromator and hence the

radiating area and energy, and a small <tiameter

that is required f<>r a high del>th to width ratio
and hence a "blacker" cavity. The depth of

the ('avil,y is limited I) 3" the thickness of lhe

specimen disk, and the thickness over which

the RF field produces approximately uniform

beating. While the 4:1 ratio may at first be

considered marginal, the situation is improved

somewhat by the rough sidewalls (and hence

higher effective emissivity) pro(luce(I in drilling
small holes in rather hard materials. The re-

sults for tungsten indicate that even in the

case of a material with quite low emissivity,

the reference is an adequate blackbody. Be-

cause of the proximity of the surface and b]ack=

body there is good assurance that both are at

the same temperature.

External Transfer Optics

The purpose or the transfer optics is two fold :

they must pro(lute a sharp image of the speci=

men on the sl)ectrometer slit, and they must

alternate images from the specimen surface and

the blaekbo(ly cavity.

The transfer optics are i),licated in diagram
"" 4rorm in figure a_- . I( is seen that radi)tlion

from the specimen is detleete(l by mirror Mt

CHOPPER

LO M ;?2g;N

I / I
I/

II I

I/ i I

iI I_

Ii illII

2
SPECTROMETER

]--[--
II

SPECIMEN

M4 M 2

FIGURE 57-4.--Optical path of induction furnace

emissometer.

onto the spherical mirror M2, which brings it

to a focus on mirror Ms. The radiation is then

reflected onto NI4 (identical to his) and re-

rocused onto the spectrometer slit mask, art(q"
l)eing deflected by M_. The use or two spheri(ml

mirrors in this arrangement tends to cancel out

the slight astignaatisnl due to the oil'-axis

arr:mgement, and also t)rovidcs an intermedinte
focus at Ms. A chopper is locate<t immediately

in front of ,X,la to produce a 14-cycle alternating

signal suilal)h, for amplifying in the standar(I

lYrkin-Elmer amplifier system (rer. 6). Mirror

M, is oscillated at tt fre(lllene 3" ]talr (hat or the

chopper, that is 7 cps. In one position it

hnages the blackbody cavity on the spectrom-

eter slit mask, and in the other position it

images the specimen surface onto the slit. mask.

In operation, the transfer optics are covered
t)3" a metal box which not only serves to exclude

stray light, but also supports a mirror which
can be inserted between the specimen and mir-

ror Mr, in order to permit seeing the specimen

surface with the miero-optieal pyrometer (No.
8 in fig. 57-1).

Monochromator and Detectors

The monochromator is the stancbtrd unit

SUl>plicd with the t)erkin-Ehner model 112

spectrometer. This monochromator is double-

pass, the radiation usually being chopped by the

(in(licate(I) internal chopper between the first

,tn(1 st, cond l)ass. Ill this manner, the syn-

chronous rectifying system or the electronics
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system serve_ t,o amplify the desired, chopped,

second-pass radiation impinging on the detector,

while ignoring the first-pass radiation (of differ-

ent wavelength) which simullaneously arrives
at the detector. In the present system it is

necessary to chop ahead of tile monochronmtor.

since the chopper also drives various sorting

cants (see below) and the monochromator had

to be masked so that only second-pass n_diation
call arrive at tile detectors. This was accom-

plished by masking the lower half of the
entrance slit, and tile upl)er hMf of the exit slit.

The entrance slit was further reduced by a

mask, centered on the upper tmlf of the slit.

and slightly smaller in diameter than the diam-

eter of the blackbody cavity. The entire

system can be aligned easily by placing _

mercury are lamp t)ehind the slit and inside

the monoehromator, and t)v adj ust.ing the optics

to image the source in the blackbody cavity.
The thermocouple detector is housed inside

the monoehromator. A photomultiplier de-

tector located along the same _Lxis as the exit

slit can be utilized by flipping the intervening

plane mirror out, of tile light path. Figure

57-5 shows an RCA type 7160, experimental,

infrared, end-window photomultiplier in posi-
tion. The size of the active surface of this

photomultiplier is suilieient that it is not.

necessary to re-focus the divergent radiation
from the exit slit. Tile tube is usable out to

1.5 /z. In most cases a 1P21 photomultiplier

has been used, in conjunction with a standard

Perkin-Ehner housing, and a lens to reimage the

exit slit on the active surface. This tube pro-

vides much more sensitivity at the shorter wave-

lengths but. its response decreases rapidly at

wavelengths longer than 0.8 u. There is ade-

quate energy t.o use the thermoeouple at wave-

lengths longec than 0.8 u, parti('ulrtrly at the

higher specimen temperatures.

Electronics and Sorting System

The block diagram (figure 57-6) serves to

explain the operation of the amplifying and

sorting system. The key to the system is the

chopper and its t_ssociated cams. The choppec

motor turns at 7 cps, but since the chopper has
two blades, the effective chopping speed is 14

cps, which is selected to be compatible with the

normal 13 eps chopping speed of the Perki,>

Ehner system. The chopper shaft carries three

|:l(;v)tF: 7)7 5. Induction furnaep (,missom(,l(,r.

cams whicl_ ()l)erate the microswitches. Two
of the switches operate at 7 cps (SWI anti SW2)

and the oiher ()t)erates at 14 cps (SWa).

The vadi_lit)n is ()riginally converted to 14

C.l)S ('h,>pl)('d radiation I)v the chopper, and is
re('tifie,l t)v the switch SWs. In addition, how-

ever, the ,,_,illating t,)irror (M_ in figure 57 4)
is m,)_('d ;l( 7 eps by SW,, which operates n

solenoi(I coil. Swilch SW2 serves to separate

radi))tion f)',))u the blackl)ody cavity, lhat is

colh'(q ed when t he solenoi(l aetiw_ting NI_ is off,

froln lhat due t<) the sl)ecimen surface, that is
('()l[('ct(.d when the s()len(,id is a('livlttetl and Xl_

is in _t ditrt,renl t)()sili()n.
Nit t_ov(,s ,)nlv at)out 2 ° under the influem'e

()1'the s()h,m,id and is returned by the action of a

perlna[tc)_I _mtgnet on the iron ('()re ()f lhe

st)h,n,)i,l.

The actual sorting system is considerably
more elaborate, in that the mieroswitehes

actually operate mercury relays which in turn

I)ias various tubes in the circuitry to cut-off.

The output of the sorting circuit may be
used to record each channel (surface or black-

body! in,lividuallv using a standard recorder.
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Mternatively, it is possible to amplify the
"blackbody" signal and apply it instead of the

battery voltage across the entire recorder
slide-wire. At the same time the "surface"

signal is fed into the recorder the normal way,
and thus the recorder reads tile ratio (ref. 7)

directly, which is tile spectral emissivity.

The principal advantage of this system is
that the emissivity is independent of fluctuat-

ing specimen temperature or amplifier gain.

To insure that the system is operating at all

times at an optimum signal level, the signal

from the "blackbody" is monitored through a

servo system, which in turn operates the
spectrometer slit c.ontrol to maintain this

energy constant while scanning the spectrum.

SPECIMEN PREPARATION

Specimens of all materials employed in this
stud3 were procured from the Carborundum

Company and were prepared by starting with

micronized powders of the compound having a

particle size less than t _. These powders

were hot-pressed in an oversized graphite mold

at temperatures in excess of 2000 ° C. After

sintering they were ground to size in order to

remove traces of diffused carbon and any

carbides that may form on the surface.

SPECIMEN CHARACTERIZATION

It is well known that the value of spectral

emissivity is intimately associated with the

chemical and physical properties of a given

material. Worthing (ref. 1), for example, in

his definition of emissivity limits its applica-

tion to polished surfaces. Because experi-
mental results depend in a large measure on

this and other specimen properties at the time

its emissivity is being measured, a substantial

amount of study was devoted to systematic

characterization of the various specimen ma-

terials. In applying the system it was found

that the characterizing parameters did not, in

all cases, admit of rigorous interpretation be-
cause of other factors that influenced their

validity.

These factom are a direct result of the high

temperatures at which measurements were

made. In some instances their dynamic nature

could be observed when the specimen was being

viewed through the optical pyrometer during

measurement of specimen temperature. In-

cluded in these observations were slow changes

in surface texture from polished to an etched or
matt structure, the formation of micropores

that gave tile appearance of a multiplicity of

microscopic blackbody cavities, and apparent

changes in surface grain size. Other changes

that are believed to occur while the specimen

is standing at high temperatures in vacuum

and inert atmospheres are those involving

surface composition, bulk densification, evapo-

ration, interaction of the specimen with its
holder, and reaction with trace contaminants

in the specimen chamber.

PROCEDURES OF SPECIMEN CHARACTERIZA-
TION

In order to differentiate between perturba-

tions in specimen emissivity and its true varia-

tion with wavelength and temperature the

following characterizing steps were carried out,
on each material.

('heroical composition was first established

by running wet chemical analysis to determine
,najor elemental components and spectrochemi-
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cal analysis to deternline the trace elements

present in the specittlen. In addition, those ele-
ments looked for and not found were recorded.

Each specimen was then polished, etched,

and photomicrographed to determine grain
size, boundary distribution, pore distribution

and nli(Toin('lusion content. Microscope optics

were standardized as to objectives, oculars, bel-

lows setting, angle of polarized light, and light
intensity. Filter's wet'(, not used. In addition,

an effort was made to Inaintllin standard photo-
_raphic procedures.

Next the etched specimen surface was repli-

cated and electron nlicrographs of crystalline
structure recor(led.

Tile surface was again polls/led and slow-scan

x-ray diffraction patterns were run. In this

step "d" spacings were measure(t, line intensity
recorded and relate(t to inclusion concentra-

tions, and miller indices measured. These x-ray

observations were carried out after polishing to
estabtis}l whether or not tile polishing operation

had caused the surface to possess an amorphous

structure indi('ative of multiI)le layers of free
atolus on the surface. It is believed that such

layers are unstable and wouht undergo evapo-

ration an(t crystallization during emissivity
measm'enlents. Therefore, when this was ob-

served, the specimens were repolished in a

manner that removed the amorphous layer.

Specimen weight and density measurements

were then made for the l)urpose of comparing
possible ('hanges in these properties during

emissivity measurement. In several cases

weight and density changes could not be attrib-

uted entirely to evaporation, densification, and

modifications in composition because there o<'-

<'urred an interchange of material due to inter:

action of the specimen and its zircon holder.

Normal spectral emissivity Ineasurelllents

were then made over a tell_perature rallge un-

det_tood to be COlnpatihle with thermal stability
of the sl)ecimen. As a further measure of re-

lating changes in emissivity induced by thermal

anti or" environmental conditions, a steady-
state low temperature was selected at w}li(']l

emissivity determinations were made. These
determinations then served as a benchmark

against which to measure changes in emissivity

as a result of making nleasurements at higher
temperatures.

Following emissivity measurements the speci-

mens were again weighed, density measure-

inenls made. photomicrographs, x-ray diffrac-

t.ion and electron microscope studies run and

compared with previous measurelnents and
observatiorls.

EXPERI MENTAL PROCEDURE

In makin_ emissivity measurements, the fol-

lowing pr.c_,(ture was carried out. The speci-
men (,h:u_hm was first pumped to pressures

below 5 x 10-:' tO1T, alia by manipulating the

at)propri,,tte valves tile system was checked for

leaks. Following this, the specimen was heated
to ahout 70_1_:( ' in or(ler to degas it and liberate
residu_tl t_oist are from associated surfaces. The

('halnb,,r w,s then flushed several times with

prepurifi,_d ar_on and finally filled with arg'on
to a pressur(, of about 1.5 to 2 atmospheres.

Specimen temperature, as measured by means

of a ,'alibrated optical pyrometer, was then

raised t,) 1t_(, intended temperature at which

emissivity x alues were measured. Both black-

body and surface temperatures were measured

to an a('cura<_y of 5 ° anti again checked at the
end of each emissivity run. Observed pyrom-

eter tenlpel'aitlres were corrected for absorp-

tion of th, caleiUln fluoride infrared transmitting

window of lhe specimen chamber and incom-

plete retloct ions from the front-surface mirror.

EXPERIMENTAL RESULTS

In lids work normal spectral elnissivity
lne,_sur(qnel_ts were determined over a wave-

length bandwidth starting at 0.4 u in the

visible out to 5 ** in tile infrared, and involved

the following refractory compounds:
1. niobium diboride.-NbB2

2. zirconium diboride--ZrB2

3. titanium diboride--TiB2
4. zirc()l_ium nitride--ZrN

5. h_fnimll nitride --HfN

6. tant_ilutn nitride--TaN

The v_rious temperatures at. which measure-

ments were made ranged from 1500 ° K t,o

3000 ° K. Total normal emissivity was com-

puted from spectral emissivity data.

Calculation of Total Normal Emissivity

'File lneasm'ement of normal spectral emis-

sivity at ,l given temperature, combined with

the blackbody distribution of radiation at that

temperature, can be used to calculate the total

normM e1Jdssivity.
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Table 57-I lists the blackbody functions

required for the calculation of total normal

emissivity from measured normal spectral

emissivity. The data were obtained from the

General Electric "Radiation Calculator" slide

rule• The calculation is estimated t.o introduce

no more than 5% error in the value of total

emissivity. To obtain total normal emissivity

for a particular substance at a given tempera-

ture, one simply reads the spectral emissivity

from the measured data and multiplies it by

the fraction of energy ra<liated by a blackbody

corresponding to that wavelength internal and

temperature. The tohd emissivity is simply
the sum of the products of "energy fraction"

and spectral emissivity and can be expressed as

follows:

e_t{T) -- _endX(T)" ] bbdX(T)

Where _,,,r) is total normal emissivit:y at_

leml)er_Hure T, %_x<r) is normal sprectal emis-

sivity at temperature T. Ih_,,a is the fraction

of energy radiated from a t)lackbody in the

wave length internal d_ at tenlt)erature T.

Chemical Analysis

Table 57-li presents the results of chemical

analysis of niobium (liboride on which spectral

emissivity measurements were made. Similar

detailed composition determinations were made

on the compoumls of ZrB2, TiB_, ZrN, "FAN,

and HfN.

The theoretical composition of NbB2 is

81.11% niobium and lS.g9% boron. Actual

spe('imen ('on_l)osilion is (,los(, to theoretical

I)eing 79.07% and 19.09%, respectively. The

pres(,lwe of 0.26% iron is believed to }lave vcr 3"

little effect on emissivity at high temperatures.

Iron has a vapor [)r(,ssllre of 1(} -_ lorr all 1273 °

U all([ Ill(}St likcl 3 evaporates J'I'Olll [}tO surface

_ll t(,ll/i)Pl'_ltllrcs ill {,x('(,ss O[' 1()()0 ° 1{.. In fact,,

all Ira('(' (,len)(,nts in th(' spe(,imc|l ex('ept haf-

nimn, molylt(h, nuin, titanium, lanlahlln, lultg-

ste|| and zi,'('onium have vapor p,'cssures grenler

llnln 1() -_ (err below 1473 ° I(.

Surface Characterization

Figure 57 7 shows ligh| plmtomicrograp]ls at

3()0X of NbB_ surfa<,, (A) after polishing, (B)

'I'Am, E 57--1. Foneersio,_ of ._'pecb'al emissicity to t,tal emi._'._'icity

Fraction of total energy at effective mean waw.qcngth at leml)erature *i° K) indicated
),|cad wavelength *

or wave|ength hlterval, u I4(X) 1600

0.5 _.................

0.6 b ......

0.7 I,_ . . _

O.S b_ .......

0.9 ........
F

1.0 - - I

l,l .................

1.3 ...........

1.5 .........

1.7 .....

].9 ............

2.2 ..............
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3,0 ..............

 ;o01
• 002

007

02

03

0.5

06

035
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11

10

O. 004

006
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04

05

O7

O7

0g
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18l)0

0_d
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O7

0S

0S

0S

l ?,
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Og

O6

04

O7

3.4 .... 07

3.S ........ 06

,t.5 ..... II

Above 5,0 _ _ _ ............. 19 , 14 , 11

All wavelengths 1. O[ 1. O0 I. 00

I .............

_' ._,_et}.ll wgveleng|hs 0,re lIoI Space(| eqlla]ly I)l|t rather are s|)aee(| to

a(leqtlately rcfh,e[ rate of emissivit y variation with wavelellgth for rll0.lly
opaqlle solid rnt_.ter|als.

t, Shortesl wavelength used is a hlnclioll (if t('rtll>er_,ture and includes
all radiation ;')(,low timt waw,lengl h,

2(X}O 2"2OD ) 24(}(I
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I
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1. O0

I
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O9
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O5
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1. O0

O. 01

.01
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O35

O5
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l0
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O6
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O4
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04
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!
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.13

.tl
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• 04

1. 00

3OOO

0.01
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• 04
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• 06

.13

.12
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• 07
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• 04
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• 02
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1. O0

o Spectral emissivity varies slowly at the long-wavelenglh end of the
spectrum where only a sinai] fraction of the energy relnaitls l>artieuh'trly
at tile higher tenlperatllres.

NOTE. All data taken from Radiation ('aleulator.
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TAfq,E 57-II...CDemical .l,alysis qf Niobium

Dibori&

pl)m •

Niobium ........................

Boron ............

Silver ......................... b 5

Aluminum ....................... 70

Arsenic ...................... b 100

Barium ............. b 10

Beryllium ...... b 10

Bismuth ...................... b 10

Calcium ............... 100

Cadmium ...................... b 10

Cobalt ......... b 10

Chromium _ _ . 150

Copper ......... b 10

Iron ........ 2600

Germanium ........ b 10

Hafnium .... b 100

Indium ...... b 10

Lithium ..... u 10

Magnesium ........ t, 5

Manganese ....... 30

Molybdenum ........ i, l0

Sodium ......... 10

Nickel ....... 150

Lead ...... I' 10

Antimony_ _. b 51)
Silicon .......... 30

Tin ...... b l0

Strontium .... u 10

Tantalum ...... 700

Tellurium .... b 100

Thallium ..... h 10

Titanimn .... 50

Vanadium ..... 30

Tungsten b 500

Zinc ..... " 50

Zirconium . , b 50

Potassium I 0

%

79. 07

19. 09

o ppm--parts per million.
Not deteetedin concentration indicated.

after etciiilig, anti ((') after heating tO 2415 ° K.

Simihlr ot)<_ervlltions wt,re illlide oi1 the other

borides aml nit ri(les on which spectral emissivity

meastlrenl+,itis were made. The procedure for

etching ,.onsisted of swabbing the polished

surftteo with 4,_% hydrofluoric aci(I followed by

immevsiol: in concentrated orthophospiioric

acid at ltltl _ (' for 30 rain. No well-defined

crystal structure is oliservable at this magnifi-

clllioil, IJiil r, iher a struclurv typical of re-

I'ra(.ting materials (,oilsoli(hlted by sintering at

high tt,nillerlilure,_ Prom lnh'ronize(I powders.

X-Ray Diffraction Studies

X-i'll\ ctiirl.a(.tiol_ iilelislirenlelits provide all

opporluniiv Io exninine ci'.vsin] character,

orieillilliqm, t)llase ciltinges alid surface conlpo-

sit.ioli of each ._l)pl.inleli. The x-ril 3" data for

NbB2 i_ sJiowll in Table 57-1li giving the rein-

live inletisiiios of reflected rays Ill1 ,dZ-sl)aehlg

ill illgslrolll Illlils alia Miller illdiees, #lkl.

Proin lbe indices _iven in Table 57-III, a

hexagonid Mructtlre is indicated having the

followin7 cell parlinielers; ll=3.1, e=3.3, and

TABLE 57--HI.--X-Ray Diffraction Pattern qf

Niobium Diboride

I IlI_

j .....

30

50

100

5

15

2O

l 0

15

10

, 5

5

i 5

5

_,d hal

3.30 001

2.69 I00

2. 08 101

1.65 002

1.55 110

1.40 Ill

1.34 200

1.24 201

1.13 112

1.04 202

1.02 210

• 972 211

• 896 113

TABLE 57-IV.--Weight and De'l,+sit!/ t'hnnge,s"

..... I

Material ............ NbBi ZrBl TiB2 ZrN TaN j

! --'7-- .... I ....... '

Specimen N ........... :--'1 I I 2 1 l l [ 2

..... - ....,7,
.38 t _480 _tt ".,_i 2287 _60 ' 0 0

-0. 0270 -0 0341 11. (}()45 _ 0. 0073 1). 0026 +0. 0235 +0.

-o. 3sI +o. 17 i _o. 2(1!' o. 45 o! o. 19 /

Temperature, ° K* 2415

Weight, g I+ 0 0305

Density, _;lee ! 0. 30

*Tin'le at temperature ranged from _ to 16 hrs,

ItJN

2192

0014

0
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FI(_URE 57-7.--Niobium diborid(,, 300:>(: A--polished, B--etch(,d, C.--aftt,r heating to 2415 _ K.

575
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I:I(:URE 57 8.-Electron micrograph of etched niobium dihorid., 4'2000_:: A before emissivity nmasur(,m_,nl

B--after emissivity nle,_,_uroHwH1.

e/a ratio-1.06. The same x-ray values were

measured after the NbB._ had been heated to

2415 ° K during emissivity measurement. It.,

therefore, couht be concluded that no basic

ehanges, such as transformation and composi-

tion, took place ia the specimen during measure-

ment. Similar x-ray analyses were run on
other compounds discussed in this report.

Weight and Density

Weight _md density measurements were made

before and after measuring emissivity. Table

57-IV tabulates the change in weight and den-

sity that took place after heating the various

specimens to the stated maximum temperature.
The time at temperature was different for each

specimen and ranged from S to 16 hr.

Normal Spectral Emissivity

Before measuring sl)ectral emissivity, replicas

were made of each etched specimen surface ,rod

electron nficrogrnphs were t akeIL Figure 57--

8A shows the surface of NbB_ before heating

at 42000X. tlere the bex_vomd crystal struc-
ture characteristic of N1)B_ is well defined in

comparison to that which was seen at 300X
under a light microscope. Figure 57-SB shows

the same surface al'ter heating to 2415 ° K in an
argon atnlospheve, llere, what is believed to

be grain boundaries can 1}e seen. In addition.

b3

WAVE LENGTH

t;v:vn_: 57 !L Normal stx,ctral emis_iviiy of _fiobium

diboride, argon atmosptwr(,.

thermal evaporation has etched tile surface i,
a manher tlmt discloses random non-orienled

dish)t'aticms and slip phme structure. 'I'lw ob-

served ('lmnge in surface structure is believed

to ('OIllril)!lie, ill t)art, to the slight attenuation

()f' m)l'm:d sl)e('tra] emissivity at 1594 ° K below

1 U wavelehgt}l, curve 1, figure 57-9. Also
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shown is spectral emissivity at temperatures of _o

1821 ° K, 2000 ° K, and 2415 ° K. Figure 57-10
No °K

shows emissivity of NbB_ at 2415 ° K, 1819 ° K 9 _ _ _7o4

and 1593 ° K. Spectral data for thislatter tern- _ \\ e 2032
perature, curve 4, were determined after the ,, \\ 3 2_8_

2415° K measurements, giving spectral emis- s _\\
sivity values that are in good agreement with 3

those first determined at 1594 ° K, curve 1 in __ 7
figure 57-9, thus leading to the conclusions that
NbB2 remains stable at. least, to 2415 ° K. The

crossover point at which emissivity is inde- _ 6

pendent of temperature occurs at 1 #.

Figure 57-11 shows the spectral emissivity of s
ZrB2, specimen 1, at temperatnres of 1704 ° K, e

2032 ° K, and 2389 ° K. Because emissivity at
2389 o K <lid not follow a ('haracterisde decrease 4

with increasing wavelength that would be
l)redi<'ted from lhe 1704 ° K an<l 2032 ° K deter- o3 i J L _ , [ _ l ,

03 4 5 6 7 8 9 I 2 3 4 5 6

minations, the spe('imen was removed from the WAVELENGTHMICRONS
specimen ('hamber. When X-rayed it was

found to have converted to ZrN. Figure 57-12

is a plot of spe('tral emissivilv of ZrB:, specimen

2, at 1604 ° K, 1702 ° K, 2000 ° K, 2:_3() ° K and

2480 ° K, afler stabilizing at 2000 ° K for 8 hr.

Emissivity is independent of temperature at
wavelength of 0.55 u and has a value of 0.8,5.

Figures 57-13 and 57-14 are electron mi('ro-

graphs at 360()0X of ZrB_ before and after

¢0

3 4 5 6 7891 2 3 4 5 6

4

I
4

°K I

15T4__ i

2 182-1 ]
3 2000 '_
4 1595 '

1819 4 +

6

I

5 4 5 6 7891 2 3 4 5 6

¢.'A_,_ LENGTH x-MICRONS

FmITRE,57' 10. Normal spectral(,mJssivity of niobium

diborid(,, ar_,m atmosph(,re.

FIdURE 57-11.--Normal spectral emissivity of zir-

conium diboride, 1.5 al mosph_.res argon, specimen 1.

1.0

N_.__O °...._X.K
.9 I 2480

2 23_:)

5 2000

.8 4 170 2
5 1604

_.7
>_
(/1
i/)

.5 2

.4
5

0.3 I , , , , , , .; , J ; , ,0.5 .4 .5 .6 .7.B.91D _ 3 4 6 7

WAVELENGTH-MICRONS

FmURE 57-12.--Normal spectral emissivity of zir-
conium diboride, argon atmosphere.

making emissivity measurements up to 2480 °

K. 1l, can t)e observed that ('hanges in surface

siru('ture take place where pitting and thermal

etching are evident, l'ossibly the observed
attenuation of emissivity al 1702 ° K and 2000 °

K, beyond 0.8 u, is caused by dynamic surface

slru(,ture modi[i('ations taking place at these
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FmVRE 57-13.--Electron mierograph of zirconium

diboride before emissivity measurement, specimen 2,

36000 X.

FmwnF_ 57 15. Electron micrograph of titanium

diboride b(q()re emissivity measurement, 8100X.

FIC, URE 57 14,--Eh,clron mi('rograph of zirconium

diboride after elnisMxity mt,asur(,ment, specimen 2,

36000 X.

temperatures. The x-ray diffraction examina-
lion showed that no }msi(' changes in composi-

tion took place.

I t shouhl be mentioned that ,'heroical analysis

of ZrB2 dis('losed the presen('e of 3% lungs/eli

and 8% oxygen in the as-received material.

FII;1TRE 57 16. Eleclron micrograph of titanium

dil)orid, _ afl(,r emissivity measurement, 10,300X.

Figures 57 15 and 57 16 are electron micro-

graphs of 'l'iB2 before and after making emis-
sivity m,,asurements up to 2022 ° K. Sub-

stantial surface structural changes take place

as a resuli of continued heating at high tempra-

lures. There is a definite rounding and thermal

t)olisifing of surface grains.
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FIe_VRE 57-17.--Normal spectral emissivity of titanium

dlboride, 1.5 atmospheres argon.

TiBz

/4 Zr 8 z
7

6 1

q)

I NbB2

5 _ ._6 TaC

i

I J
16 18 20 22 24 26

TEMPERATURE, °K x 102

F[nURE 57-18.--Total normal cmi._sivity of borides of

titanium, zirconium, and niobium and of carbides of

zirconium and tantalum.

Figure 57-17 shows the spectral emissivity
properties of TiB2 _tt. 1648 ° K, 1850 ° K, and

2022 ° K between 0.4 u and 5 u. It is very

similar to the spectral radiance properties of
ZrB2.

0.6
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I 1 I I

ZIRCONIUM
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2100"1
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Fmua_, 57-19.--Normal emissivity of zirconium

carbide.
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FIGURE 57 20.--Normal emissivity of tantalum carbide.

Figure 57-18 is a plot of total normal emis-

sivity as a fun('tion of lempcrature for the

1)orides of niobium, zirconium, and titanium

calculated from measured spectral emissivit.y
data.

Also shown are plots or total normal emis-

sivity of zir('onimn an(I tantalum carbides for

which spectral emissivity is shown plot, ted in

figures 57-19 and 57-20, respectively.
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I:tnURE ;57 21. t']h, clron mi('rugraph of zirconium

nitride bl,for_, ¢,mis:ivii.v measur_,m,,nl, 36000>(.

Fl(;VRr; 57-22.--Electron micr()graph of zircozfium ni-

tridc .ffter (,missivity measurenwnt, 36000 X.

_peetrn] emissivity l_e_sut'cments were _dso

made on chara('tcrized nitri(h,s of zirconium,

tantalum, and hM'nitm_. ('heroical annlysis

show(,(] that these cotl_poun(ls eon/aine(1 less

than one ntom O[ nitrogen per atom of metal.

However, x-ray diffraction obser,,'ations showed
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09

08

>..-

O7

O3
03

"'06

05

04

-- z . v --Ae_ 2

_N_ _%

2 228z \ ---_
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Fl_;lnE ,57-'22, Normal spectral emissivity of zirco-
nium nitridc.
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t"I(;I-R_: ,%7 2_, 'l'otiaI normal enfissivity of zirconium

nitrid(',
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FI(U:RE 57--25. -]",lcetron mieroKral)h of trtntalum r_i-

t.ri(h, b('for(, emissivity measurement, 3(i00()Y.

9O

>- 80
I--

?,

._ 70
tlJ

6O

0 5O

03

No oK

I 1648
2 1882
3 1990
4 2070

1 I l I 1 I II 0 i I l I J4 5 6 7 89 20 30 40 5060
WAVEL E NOT H-MICRON_

Fm_:_n 57-27.--Normal spectral emissivity of tantalum

nitride, '2 atmospheres ldtrogcn.

_J

0 >

_0,6 j I I I j

0

I-- TEMPERATURE, OK X I0 2

FIOURE 57-28.--Total normal emissivity of tantalum

nitride.

FIGURE 57-26.--Electron micrograph of tantalum ni-

tride after emissivity mea_suremeW,, 36000X.

only the metal nit, ride <'ryst, al phase present in

the specimens. After emissivity measurements

w(,rc mad(, there was x-ray eviderlce of slight

surfa('e oxidation of the zirconium and hafniuJl_

nitridcs. A loss of nitrogen takes place when

TaN is heated ab(,v(, 2000°K in vacuum, and

hi/riding w,s _,vi(l(',_l when lh(' sample was

healed in _l lmrified nitrogen almospherc.

Fmuttr: 57-2J.--.l]cctron micrograph of hafnium Id-

_ride before emissivity mea_uremet_t, 3600(} X.

1 no.'(, ('hangcs were substantiated in the

observed ,.han_(,s in specimen weiKht and

density.
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FmunE 57-30.--Electron micrograph of hafnium ni-

tride after emissivity measurenwnt, ?,6000 _<.
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FIGURE 57--31 .----Normal spectral emissivity of hafnium

nitride, '2 atmospheres argon.

Figut'e 57-21 is zltt (,le<'tron nfirrogt'aph o["

ZrN al 72000/sl)()wing :) surf a(.(, (4iar)l(,tei'ized

by . ).ul(it)li(,ity of random (lislo('ations.

Figure 57-22 is a :{(i()()() :< (,le('tron mi('rograph

after heating ZrN I() temt)('ralures up t() 2287 °

K. Here again is se(m ini(mse surf.('e structure

n_odi[i('ations showin_ the al)pearam'e of dis-

('fete crystals I)OSS(,ssing slip l)hme dislocations.
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FIGURE ,57 ;_12. Total normal emissivity of hafnium

nit rid(. c(miputed from spectral data.
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FmuaE 57-33.---Normal emissivity of tungsten.
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l"mt )t_: 57 3-I Normal emissivity of molybdemlm,

Figur(, 57 23 is u l)h)t ()f emissivity of ZrN

:is a I'ulictioll o1' wltvelengtll at 1S95 ° K, 196<£°

K, 2064 ° K, liuil 2287 ° K. The Iltlll/l)eFs refer

to th(. or, h,r in whi('h Itwasurenlents were made.

Fi_'ur(, 37 2,t i_ a plot of total normal emissivity
('al('ulltl,'(I fr()nl sp(,('iral data for ZrN.
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FIGURE 57-35.--Normal emissivity of tantalum.
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FmL'RE 57-36.--Total normal emissivity of zirconium

carbide, tantalum carbide, tungsten, tantalum, and

molybdenum.

Figures 57-25 and 57-26 are electron micro-

graphs of the surface of tantalum nitride at

36000X before and after measurement of

emissivity up to temperatures of 2070 ° K in

an atmosphere of purified nitrogen. In figure

57-25 a well-defined hexagonal crystal struc-

ture, with grain boundaries intersecting at 120 ° ,

can be observed. During the measuring of

emissivity the surface of the specimen converted

to a polycrystalline powder layer which could

be readily removed with lens paper. X-ray

disclosed this to be TaN. Figure 57-26 shows

the structure of the surface beneath this layer.
Shown in sharp contrast are etch pits along the

grain boundaries. These intersect at 120 °

indicating the retention of an hexagonal struc-
ture characteristic of TaN.

Figure 57-27 is a plot of spectral emissivity

of TaN at 1648°K, 1882°K, 1990°K, and

2070 ° K. Emissivity becomes independent of
wavelength beyond 1.5 nficrons and above

1882 ° K. Figure 57-28 is a plot of total

normal emissivity as a function of temperature

calculated from spectral data presented in

fgure 57-27. It shows virtually no tempera-

ture dependence over the range of measurement.

Figures 57-29 and 57-30 are electron micro-

graphs of the surface of HfN before and after

making emissivity measurements respectively.

As a result of heating the specimen to 2192 ° K

its surface develops a thermally etched crystal

structure displaying unifornfly oriented slip

planes. Figure 57-31 is a plot of spectral
emissivity of HfN at temperatures of 1617 ° K,

1809°K, 2006°K, and 2192°](. Figure 57-32

shows total normal emissivity of HfN computed

from spectral data. Figures 57-33, -34, and

-35 show the spectral emissivity of tungsten,

molybdenum and tantalum. The data for

tungsten is in good agreement with the data

of De Vos (ref. 5) who also found the emissivity

of tungsten at 1.3 # to be 0.33. Figure 57-36

is a plot of total normal emissivity as a function

of temperature. Even though the spectral

emissivity of tungsten and tantalum are quite

different their total normal emissivity is the

same over the temperature range of 1600 ° K to
2000 ° K.

692-146 O_--63--38
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DISCUSSION

RICHMOND: ttave you had any trouble with fogging

a window, and, if so, how (lid you eliminate it?

RIETHOI.': 1,Ve have had trout)le with fogging, if you

want to call it that, only once and that was a case with

zirconium carbide. I hate to call it fogging because it

was actually decomposition of the specimen and we

were depositing carbon on the win(tow. Originally we

maintahwd a static at mo,_phere of argon in the chamber.

Lately we have been flushing c(mtinuously with argon,

partially to reduce tile possibilily of deposition. We

have never observed fogging due to moisture.

Co,',ls'rocK, ARTHUR 1). IA'rTLF COMPANY: If yOU

heat the sample a second time having previously allowed

it to cool, how does the sample's emittance change?

RIETtIOF: This is best shown by referring to figure

57- 10. When we talk about operMing times of 8, 16

or 20 hr on a given st)ecimen, we are not doing it

continuously.

BUTLER, U.S. NAVAL RAI)IOL(IGICAL DEFENSE LAB.:

Wotfld you comment on the very remarkable agreement

of the X-point? Your (tat't (m tungsten agrees with

I)e Vos in which the X-point occurs at 1.2 _,. I

notice some of these other ones go clear down to

0.5 a, and yesterday f noticed in Professor Seban's

paper that the X-point for platimm_ from his slide occurs

beyond 2 a. Would you comment on this very large

change in wavelength with tlmt X-point?

t{IETtI(IF: I'm sorry, I unfortunately was not here

yesterday. Were all these papers dealing with tungsten

specifically?

Bt'TL_,n: No, Professor Seban's paper was on plati-

num. He gave the spectral emittance of platinum as a

function of temperature.

R_'rnoF: Well, as i think we 'dl know, there is no

thcoretic.d reason for an X-point, except that if you

have a temperature coefficient that is positive in one

spectral range and negative in another one it must be

zero somewhere. The X-point is a well-observed

phenomenon and I have used it many times to check

operation of my equipment. I wish I had some ex-

t)lanation for it. In tungsten specifically the inter-

sections of some of the curves are so flat that you can

shift Ihe X-poim better than 0.1 ,u by just deciding on

how your curve'; intersect (see fig. 57-33). I don't

lhink there is any specific reason why X-points for

different materials should be in the same spectral region.

(_aAVL_'A, Republic Aviation: Dr. Kostkowski of

NB8 showvd a plate indicating the errors which are

introduced when imaging very small objects into these

spectrometers. Now, each of these last two papers has

featured lhis idea of imaging a very small source,

essentially a point source, in the spectrometer systems.

Would l)r. Kostkowski Or any of the investigators care

to discus.- this as a source of error? Have they con-

sidered this a> a source of error?

RIFTHO_": ] don't think that is for me to answer.

(]RAVINh: Well, I was going to address it to Dr.

Kost.kowski _inee he hrought out this point yesterday.

I believe il was during Mr. Richmond's presentation.

KOSTK(_W>KI: In my particular group, we have not

been rnakin_ any spectral or total emittance measure-

ments, so I cannot speak at)out corrections in that

respect, ttowever, in looking at. sources of different

sizes ail(t ,t,t.ermining the spectral radiance of these

SOUFCes_ Wheli a source varies in size from ,d)out 1 Inln

to, say, 10-1-1 mm in diameter, maintaining the same

s_wface prop,'rties and temperature, the apparent spec-

tral radiauee may change by as much as several per cent,

(lependin_ on the aperture of the optical system. This

is due to diffracl ion and the magnitude may be computed

for any optical system.

Rr_'rmt_': I thiak we ought to point out that this set

of mirrors we are using was actually designed to be used

with slits ,town to considerably smaller dimension than

my hole sizes. I wouht be more worried about a fact

that llichmond "tnd I have shown several times. We

see tbat the area we look at. is so sm.dl that at times it

may be a nourel)resentative portion of the specimen,

and, hence, the data may also be nonrepresentative.
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